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V 
. ABSTRACT 
Short-rotation woody crop systems may provide a means to meet today's 
increased needs for wood and energy. In particular, Popu/us selections show 
excellent potential for use in these systems, as they have several desired growth 
characteristics. However, the monocultural setting in which these usually are grown 
presents an excellent opportunity for pest infestation .. 
The cottonwood leaf beetle, Chrysomela scripta F. (Coleoptera: 
Chrysomelidae), is the most severe defoliator of plantation Populus in North 
America. Studies were conducted to determine if larval performance varied on eight 
select Populus clones. Larval mortality, pupal weight, adult emergence, and total 
mortality were measured. Larval performance varied among clones, suggesting that 
some clones are less suitable for larval C. scripta development. Also, beetle 
performance declined throughout the 1999 growing season. Plantation managers 
could use this information, as clones less suitable for larval C. scripta development 
(but also possessing.other favorable characteristics) could be chosen for large-scale 
production. 
The effects of larval defoliation, clone, and season also were examined on the 
leaf surface chemistry of these 8 clones. Clones were caged in the field; only larval 
C. scripta were allowed to partially defoliate select trees. Leaf surface 
phagostimulant (long chain fatty alcohols and alpha-tocopherylquinone) 
concentrations and ratios were analyzed in the laboratory. Larval defoliation had 
little effect, while clone had a significant effect on the amounts and ratios of the 
chemicals detected on the leaf surface. Leaf surface alcohol amounts decreased 
vi 
throughout the 1999 growing season as well as between the 1998 and 1999 growing 
seasons. Conversely, leaf surface alpha-tocopherylquinone increased during these 
times. This data may indicate that environment plays a larger role in leaf surface 
chemical production, and subsequent beetle feeding stimulation, than originally 
presumed. 
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CHAPTER 1. GENERAL INTRODUCTION 
Introduction 
Recent shortages in wood and wood products have placed pressure on 
traditional forestry production. The means are needed to produce large amounts of 
wood for pulp, wood products, and energy in shorter periods of time. Short-rotation 
forestry, whereby tree growth is optimized using agricultural techniques, may be the 
necessary solution. Several tree species are used in short-rotation forestry; 
however, Popu/us selections show good potential in the north central region of the 
United States. The cottonwood leaf beetle is the major defoliating insect pest on 
Populus spp. east of the Mississippi (Burkot and Benjamin 1979). Previous studies 
have shown adult cottonwood leaf beetle oviposition and feeding preference for 
particular Populus clones and hybrids (Haugen 1985, Bingaman and Hart 1992); yet 
' 
none have examined the effect Populus spp. have on larval cottonwood leaf beetle 
feeding. Furthermore, Lin et al. (1998a, b) found phagostimulants on the leaf 
surface of Populus. This study aimed to determine the effect of Popu/us species 
and hybrids on cottonwood leaf beetle larval performance (defined as larval survival, 
pupal weight, adult emergence, and total mortality), and also to determine if 
cottonwood leaf beetle feeding induced changes in the amount of leaf surface 
phagostimulants produced by Populus trees. Results from this study may lead to a 
better understanding of the interactions between the cottonwood leaf beetle and 
Populus selections, and may aid in the development of an 1PM program for 
cottonwood leaf beetle in short-rotation Populus. 
2 
Thesis Organization 
This thesis is formatted using individual papers as chapters to facilitate 
publication of results. Chapter 1 includes a general introduction and literature · 
review. Chapters 2 and 3 are composed of completed papers, each to be submitted 
to a professional journal for publication. Chapter 4 contains a general conclusion, 
highlighting the results of this study, as well as some of the challenges this project 
presented. 
This research was completed under the guidance of Drs. Elwood R. Hart and 
Richard B. Hall, Iowa State University, and Dr. Joel D. McMillin, USDA Forest 
Service. They will be listed as secondary authors on all papers submitted for 
publication. 
Literature Review 
The world's population has grown greatly in recent decades. With this 
increase, demands for wood products and wood energy are escalating. As the 
. world's fossil fuel resources continue to deplete and increase in cost, alternative 
energy sources are being explored. Short-rotation woody crop (SRWC) systems 
have promise for providing a partial answer to these demands (Dickmann and Stuart 
1983, Zsuffa et al. 1996, Riemenschneider et al. 1997). 
SRWC systems consist of trees grown in plantation conditions (Grado et al. 
1988, Debell and Harrington 1993, Zsuffa et al. 1993, Lortz et al. 1994). These 
systems are intensively managed, and are designed to produce large quantities of 
woody biomass for energy or wood products. SRWC systems are implemented and 
3 
operated similarly to other agricultural crops with the major difference being the extra 
time SRWC systems need for crop maturity. SRWC systems also differ from an 
economical standpoint. Most conventional crops can be harvested the same year 
they are planted, providing financial return relatively soon after initial expenses. 
SRWC systems can cost more then $1,000 ha-1 to initiate, depending on equipment 
and establishment operations (Grado et al. 1988, Colletti et al. 1991). This is much 
higher than the establishment costs of corn or soybeans (Duffy and Vontalge 1999). 
However, studies have shown 8-year-old hybrid poplar plantations to be worth over 
$7,000 ha-1 (Heilman et al. 1995). SRWC systems also can benefit the environment, 
as they have the potential to reduce atmospheric CO2 (Graham et al. 1992, Overend 
1993) and decrease soil pollutants (Dix et al. 1997). These systems are usually 
harvested on 3-10 y rotations (Colletti et al. 1991, Lortz et al. 1994). Harvesting at 
these intervals most likely reduces site disturbance. Currently, Sweden has 11,000 
ha of SRWC systems in commercial use (Zsuffa et al. 1993, Spinelli and Kofman 
1997), and there will be implementation of a similar operation in Minnesota 
(Ehrenshaft 1999). 
The first step in a SRWC system is site preparation. This may include an 
initial application of a broad-spectrum herbicide to eliminate existing vegetation, 
disking to work the soil, and possibly a pre-emergent herbicide application to combat 
any volunteer or rogue weeds that may appear (Colletti et al. 1991, Ceulemans et al. 
1992). The site is then planted as rooted or unrooted cuttings or seedlings 
(Dickmann and Stuart 1983, Ceulemans et al. 1992, Zsuffa et al. 1993, Zsuffa et al. 
1996). Planting material and arrangement can have an impact on the plantation's 
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susceptibility to insect and pathogen outbreaks (Zsuffa et al. 1993). Large 
monoclonal plantings provide few barriers to expanding pest populations, and often 
are quite susceptible to pest outbreaks (Shea 1971, Dickmann and Stuart 1983). 
Planting pest resistant clones may be the best way to combat this phenomenon 
(Zsuffa et al. 1993, Newcombe 1996). Furthermore, tree spacing is important to 
consider when planting, as optimal spacing and rotation age are not uniform for all 
tree selections, but may differ by tree genotype (Hall 1994). This emphasizes the 
importance of understanding the physiology of the tree species being used on a 
particular site. In fertigated systems, where drip irrigation piping and nozzles reach 
each individual tree, the site is fertilized and irrigated as needed throughout the 
growing season. However, most systems are fertilized on longer intervals. Weeds 
are controlled, especially during the first few years of growth. These cultural tools 
are used to optimize tree growth (Lortz et al. 1994, Zsuffa et al. 1996, Strauss and 
Grado 1997). 
Many tree species are used in SRWC systems worldwide. Salix, A/nus, and 
Populus selections are used in Belgium (Steenackers and Strobl 1990). Arnold 
(1996) reports the use of Eucalyptus in Portugal, Spain, and some tropical areas. 
Indonesia is rapidly expanding their SRWC systems, using primarily Acacia (Arnold 
1996). The use of Salix and Populus in England and other European countries is 
reported (Zsuffa et al. 1993). Several tree genera, including Acer, Platanus, 
Robinia, Salix, A/nus, Eucalyptus, and especially Populus (Solomon and 
Abrahamson 1972, Colletti et al. 1991, Overend 1993) are being evaluated for 
SRWC plantations in the United States. Popu/us trees seem to have good potential 
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for SRWC plantations in the north central portion of the United States (Dickmann 
and Stuart 1983). 
Since 1988, the U.S. Department of Energy has funded an Iowa State 
University project focused on developing Populus for biomass energy production 
(Hall et al. 1991, McMahon et al. 1993). Populus selections are appealing because 
they are easy to establish and regenerate, are easily hybridized, have a rapid growth 
rate, and possess desirable wood properties (Dickmann and Stuart 1983, 
Steenackers and Strobl 1990, Zsuffa et al. 1993, Stettler et al. 1996, Klopfenstein et 
al. 1997). The major drawback to using Populus is the amount of care they require 
to reach their full potential. Populus trees are shade intolerant and need full sunlight 
to grow. Any shade from weeds or other trees can drastically hinder the growth of 
these hybrids (Dickmann and Stuart 1983, Demerrit 1990). However, proper care 
can result in high growth and yield rates. 
Trees in the genus Popu/us (Salicales: Salicaceae) occur naturally in North 
America and Canada, and occur in the Northern and Southern Hemispheres (FAO 
1980, Demeritt 1990, Eckenwalder 1996). Poplars are deciduous, and grow best in 
moist or sandy soils, especially after a disturbance. River and stream banks are a 
common area for poplar trees to germinate. Root sprouting is the primary mode of 
aspen regeneration. Most cottonwoods produce cotton-like seed in the spring, 
hence giving these trees their common name (FAO 1980, Dickmann and Stuart 
1983, Demeritt 1990, Eckenwalder 1996). With few exceptions, poplar trees have 
separate male and female individuals (Eckenwalder 1996). Popu/us leaves are 
simple and arranged alternately on the shoot (FAO 1980). Like most riparian 
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hardwoods, Populus spp. are not limited to one flush of growth. Rather, they 
continue growing and expanding their leaves throughout the entire growing season 
as long as growing conditions are favorable (Larson and lsebrands 1971). 
The genus Populus is comprised of six sections: Abaso, Turanga, Leucoides, 
Populus (= Leuce), Tacamahaca, and Aigeiros (Eckenwalder 1996). These sections 
are divided based on biological traits, and display a large range of geographic 
distribution and economic value (FAO 1980). Crosses commonly occur between 
sections where species distributions overlap in nature (Eckenwalder 1984). A single 
North American species exists in the section Abaso, while all species within the 
section Turanga are exotic to the U.S. (Dickmann and Stuart 1983, Eckenwalder 
1996). These two sections are the least evolved, and are relatively small and 
economically unimportant. However, some tolerance to hot, arid conditions does 
exist within the section Turanga (Dickmann and Stuart 1983, Eckenwalder 1996). If 
these characteristics are desired in poplar hybrids, there is potential for 
crossbreeding with species in the section Turanga. Section Leucoides also is of little 
economic importance. It does, however, contain one of the few monoecious trees in 
this genus, Populus lasiocarpa Oliv. (FAO 1980). Species in the three 
aforementioned sections are not widely used in hybrid poplar breeding. 
The aspens and white poplars comprise the Populus section, which is further 
divided into two subsections: Trepidae (aspens) and Albidae (true white poplars) 
(FAO 1980). Subsection Trepidae contains the genus' most widespread tree, 
Populus tremuloides Michx., or quaking aspen, as well as the bigtooth aspen (P. 
grandidentata Michx.), which is common in the Lake States. These species can 
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produce huge natural stands by root suckers, and are economically important in the 
paper industry (FAO 1980, Shepperd 1990). Subsection Albidae contains only one 
economically important species, the European white poplar, Populus alba L. 
(Dickmann and Stuart 1983). Most Populus species do not root well when 
propagated as hardwood cuttings. The best way to propagate these species is by 
planting root segments (Hall et al. 1989). However, some P. alba selections root 
quite well; this trait is often expressed in hybrids when P. alba is crossed with other 
Populus species (Zsuffa et al. 1993). 
The largest section, Tacamahaca, contains the balsam poplars (FAO 1980, 
Dickmann and Stuart 1983, Eckenwalder 1996). Populus balsamifera L., the balsam 
poplar, is the most widely dis~ributed North American native in this section. The 
balsam poplar is rarely used in commercial plantations, but has a host of 
characteristics that make it suitable for shelterbelts (Dickmann and Stuart 1983). 
The black cottonwood, Populus trichocarpa Torr. and Gray, is primarily western in 
distribution. This tree can be propagated easily, and is often used in hybrid poplar 
breeding (Steenackers and Strobl 1990, Zsuffa et al. 1993). It has many desirable 
qualities for use in hybrid poplar cultivation, including rapid growth, high yield, and 
excellent rooting ability (Dickmann and Stuart 1983). Populus maximowiczii Henry, 
the Japanese poplar, is a native of eastern Asia. This fast growing tree often is one 
of the first to leaf out in the spring, and has been used successfully in hybrid poplar 
crosses (Stout and Schreiner 1933). 
The section Aigeiros, the cottonwoods and black poplars, is the most 
important section for most SRWC systems (Dickmann and Stuart 1983). Species in 
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this section make up a very large portion of cultivated poplars worldwide (FAQ 
1980). This section contains few species, of which many varieties exist. Some 
species and varieties occur in the western portion of the United States, most notably 
Populus fremontii S. Watts and Populus sargentii Dode (FAQ 1980). These are of 
little economic importance. The two most economically important and familiar 
species are the eastern cottonwood, Populus deltoides Bartr., and Populus nigra L., 
the black poplar (Dickmann and Stuart 1983). These two species are native to the 
United States and Europe and North Africa, respectively, and are used extensively in 
hybrid poplar breeding. Eastern cottonwood usually occurs in bottomland sites, and 
is one of the fastest growing trees native to North America (Dickmann and Stuart 
1983). This species produces large seed crops; a few strands of cotton carry each 
seed, and the seed can become a nuisance in some areas. This tree can be 
propagated by hardwood cuttings, and is used extensively for lumber, veneer, and 
pulpwood (Dickmann and Stuart 1983). Black poplar is easily propagated from 
cuttings, and it coppices very well (FAQ 1980). This species is used primarily as a 
. parent in hybrid poplar breeding. 
Native poplar stands are often the result of one or a few successful 
individuals. These individuals release seed; if conditions are favorable this may 
initiate a cohort surrounding the parent tree. This process may be repeated with the 
end result being a large stand. One may infer that this, being a native ecosystem, 
would have more genetic diversity than an adjacent agricultural field. Cromartie 
(1996) states that the monoculture created in most agricultural systems often 
reduces the natural species diversity within the ecosystem. However, if the source 
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of the stand was only a few individuals, then presumably the majority of trees in the 
stand share some genetic material. This is very similar to common agricultural 
crops. Although most hybrid poplar plantations are currently monocultural, we do 
posses the ability to diversify these systems at a much greater rate than would take 
place in nature. Technology allows us to create selections (through selective 
breeding) that would not occur naturally. The consequences of these new selections 
can be both negative and positive. Hybrids may be created that are extremely 
susceptible to pests, as some of the natural resistance may be lost in the breeding 
process (Whitham et al. 1996). However, cultivars may be created that show 
increased resistance to insect or pathogen pests; this is one goal of hybrid poplar 
breeding. We also can alter the genetics of an entire ecosystem by establishing 
clonal mosaics, whereby genetically different individuals or groups are planted 
adjacent to each other. Thus, we have the potential to make SRWC plantations 
more genetically diverse than both agricultural crops and the plantations in existence 
now. 
Yet, presently the SRWC monocultural setting does correlate with loss of 
genetic diversity. This can increase susceptibility to pest outbreaks (Oliveria and 
Abrahamson 1976, Raffa 1989). Several pathogens are found to increase in 
severity in plantation selections and settings. Ostry and McNabb (1985) and 
Steenackers ( 1988) report Me/ampsora rust species as defoliating agents in Populus 
plantations. Septoria musiva (Peck) canker also can have an impact on production 
in SRWC systems (Solomon et al. 1976, Ostry and McNabb 1985). Likewise, insect 
problemsalso may be of economic importance. Insect borers such as the 
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cottonwood twig borer, Gypsonoma hiambachiana Kearfott (Lepidoptera: 
Tortricidae) (Solomon 1985, McMiliin et al. 1998), the burdock borer, Papaipema 
cataphracta Grote (Lepidoptera: Noctuidae ) and the stalk borer, Papaipema nebris 
Guenee (Lepidoptera: Noctuidae ) (Solomon 1988) can cause noticeable damage to 
young Populus plantations. Several Agrilus species (Coleoptera: Buprestidae) also 
injure poplar trees (Drooz 1985, Solomon 1995). Known aphid pests are the poplar 
petiole gall aphid, Pemphigus populitransversus Riley (Homoptera: Aphididae) and 
the poplar vagabond aphid, Mordwilkoja vagabunda Walsh (Homoptera: Aphididae) 
(Drooz 1985). Many lepidopteran and coleopteran species are known to be 
defoliators in young Populus plantations as well (Dickmann and Stuart 1983, Drooz 
1985). 
The cottonwood leaf beetle, Chrysomela scripta Fabricus, (Coleoptera: 
Chrysomelidae) is a North American native and is considered one of the most 
serious defoUators in young Populus plantations (Abrahamson et al. 1977, Burkot 
1978, Burkot and Benjamin 1979, Wilson 1979, Harrell 1980, Harrell et al. 1981). 
Seven g~nerations per year are reported in the south (Neel et al. 1976, Head and 
Neel 1973), while the north central region of the United States has three to five 
generations yearly (Caldbeck et al. 1978, Harrell 1980). 
The C. scripta adult sex ratio is approximately 1: 1 (Head 1972, Head and 
Neel 1973). Adults are oval, about 6 mm long, and have a black head and thorax 
with yellow or red margins (Lowe 1898, Dickmann and Stuart 1983, Drooz 1985). 
Elytra are yellow with black markings (Dickmann and Stuart 1983, Drooz 1985). 
Yellow eggs in clusters of 15-75 are usually laid on the underside of leaves (Drooz 
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1985); however, Head and Neel (1973) report egg masses of up to 100 eggs. 
Burkot (1978) reports cylindrical eggs of a yellow or occasionally greenish color in 
masses of up to 80. Females are capable of producing over 800 eggs in their 
lifetime (Head and Neel 1973, Coyle et al. 1999). Head (1972) reports an egg 
incubation period of 4-5 days. 
Three larval instars develop in approximately 2 weeks (Lowe 1898, Head 
1972, Head and Neel 1973, Burkot and Benjamin 1979). Larvae emit a defensive 
chemical, salicylaldehyde, from two rows of glands on the dorsal surface (Lowe 
1898, Neel et al. 1976, Burkot and Benjamin 1979, Harrell 1980, Pasteels et al. 
1983). First instars are gregarious and their feeding results in a windowpaning of 
the leaf tissue (Burkot and Benjamin 1979, Drooz 1985). These larvae are quite 
small (up to 1 mm), slow moving, and produce a very small amount of the defensive 
chemical individually. However, the gregarious lifestyle is advantageous in that it 
creates a dilution effect, in that any one individual is less likely to be attacked when 
surrounded by others (Bertram 1978, Gregoire 1988, Sillen-Tullberg and Leimar 
1988). The large collection of first instars also concentrates the amount of 
salicylaldehyde present within the group as a whole. Second and third instars 
skeletonize leaves, leaving only the midrib and other major veins (Burkot and 
Benjamin 1979, Harrell 1980). These larvae are larger (up to 10 mm) and become 
increasingly solitary as they increase in age. Third instars ultimately enter a 
wandering or pre-pupal stage during which they stop feeding and search for a 
suitable place to pupate (Burkot 1978, Harrell 1980). Pupation takes 4-5 days (Head 
1972), and usually occurs near or on the host tree or surrounding vegetation (Burkot 
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1978). Frequently, large numbers of larvae pupate en masse (my personal 
observation). Lesage (1996) also found this phenomenon with Chrysomela laurentia 
Brown, a close relative of C. scripta. He attributed this behavior to limited food 
resources. Adults emerge within several days (Neel et al. 1976, Burkot 1978) and 
begin maturation feeding. After approximately 3 days they are sexually mature and 
ready to mate (Burket and Benjamin 1979). Adults overwinter in ground litter and 
grasses (Neel et al. 1976, Ostry et al. 1989). Little is known about the overwintering 
biology of the cottonwood leaf beetle. 
Both abiotic and biotic population regulation exist for the cottonwood leaf 
beetle. Jarrard (1997) reports that factors such as wind, rain, and temperature can 
cause mortality. Heavy wind or rain can dislodge larvae from the leaf surface, while 
increased temperature can have lethal effects on young larvae. In Iowa, various 
natural enemies of the cottonwood leaf beetle are found in SRWC plantations 
including coccinellids, pentatomids, chrysopids, and a suite of others (Jarrard 1997). 
The most important natural enemy mortality factor for cottonwood leaf beetles in 
Iowa was found to be coccinellid predation on early-season egg masses (Jarrard 
1997). The protozoan parasite Nosema scripta Bauer and Pankratz also infects C. 
scripta, leading to reduced size and fecundity (Bauer and Pankratz 1993). 
Insecticides containing active ingredients such as carbofuran or carbaryl have 
been used to control C. scripta (Page and Lyon 1976, Abrahamson et al. 1977). 
Unfortunately, these are not specific in their toxicity, and often kill many beneficial 
insects as well. 
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The use of various Bacillus thuringiensis Berliner bacteria strains for 
managing cottonwood leaf beetle has received much attention in recent years. B. 
thuringiensis is non-toxic to vertebrates, biodegradable, found naturally in the 
environment, and possesses relatively specific toxicity (Bauer 1995). Studies have 
shown cottonwood leaf beetle susceptibility to various B. thuringiensis toxins (Bauer 
1990, Bauer and Pankratz 1993, Federici and Bauer 1998, James et al. 1999, Coyle 
et al. 2000). However, resistance has been shown to develop in laboratory 
populations (Bauer 1995) and will presumably develop in field populations as well if 
this control method is overused. 
Recently, using genetically-modified (GM) crops for pest management is a 
technique that has been employed in large fields, with varying degrees of success. 
Popu/us species have certain characteristics that allow them to be genetically 
manipulated easily, including a high degree ofcrossability and easy propagation and 
regeneration (Stettler 1996, Klopfenstein 1997). Researchers have successfully 
transformed Populus hybrids containing proteinase inhibitor genes for management 
of C. scripta and Plagiodera versico/ora (Coleoptera: Chrysomelidae) (Klopfenstein 
et al. 1993, Kang et al.1997) and Chrysome/a tremulae (Coleoptera: 
Chrysomelidae) (Leple et al. 1995). Less success was achieved for proteinase 
inhibitor management of Lymantria dispar (Lepidoptera: Lymantriidae) and Clostera 
anastomosis (Lepidoptera: Notodontidae) (Confalonieri et al. 1998). Mccown et al. 
(1991) were the first to genetically transform Populus spp. with a toxin from Bacillus 
thuringiensis. High resistance to both Malacosoma disstria (Lepidoptera: 
Lasiocampidae) and L disparwas achieved. Genetic transformation is not limited to 
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pest resistance, however, as the ability to change morphological characteristics also 
is evident (Han et al. 1997, Mohri et al. 1999). Several scientists have discussed the 
positives and negatives of using GM trees for insect, pathogen, and weed control, 
particularly GM Populus in short-rotation forestry (Raffa 1989, Bauer 1997, Strauss 
et al. 1997, James et al. 1998, Pullman et al. 1998). GM Popu/us may be an 
excellent option for SRWC systems, but care should be taken that they are not relied 
upon too heavily and overused. 
Host-plant resistance is another management method. Planting selections 
that are poor hosts for cottonwood leaf beetle feeding may be an invaluable tool in 
the struggle to control this insect. Cottonwood leaf beetles seldom use trees in the 
Populus section as feeding hosts (Caldbeck et al. 1978, Harrell et al. 1981), · 
although in 1999 heavy defoliation on hybrids with aspen parentage was observed in 
Minnesota (my personal observation). Certain species in the section Tacamahaca 
are known hosts for the cottonwood leaf beetle (Harrell et al. 1981 ). The Aigeiros 
section contains species that are preferred hosts of the cottonwood leaf beetle 
. (Bingaman and Hart 1992), especially P. deltoides. In addition, crosses between 
sections Aigeiros and Tacamahaca also have shown to be preferred by adult 
cottonwood leaf beetles in feeding and oviposition trials (Haugen 1985, Bingaman 
and Hart 1992). Overall, a wide variety of clones and hybrids are susceptible to 
cottonwood leaf beetle attack. However, there is a wide range of Popu/us selections 
not preferred by C. scripta. 
Salicaceae host plant chemistry and secondary plant substances can 
influence the behavior and biology of many chrysomelids. Phenolic glycoside 
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content in Populus varies throughout the growing season (Lindroth et al. 1987) and 
among species individuals and clones (Bingaman and Hart 1993, Lindroth and 
Hwang 1996, Augustin et al. 1997, Hwang and Lindroth 1997). These chemicals 
can be used for host selection and larval defense (Pasteels et al. 1983, Rank et al. 
1998), especially in Chrysomela spp. (Smiley et al. 1985, Rank 1992, Hilker and 
Schultz 1994, Soetens et al. 1998). Furthermore, phenolics have been shown to 
provide a defensive mechanism against herbivory in that insect performance is 
decreased by higher levels of these chemicals (Clausen et al. 1989, Bingaman and 
Hart 1993, Hwang and Lindroth 1997, McDonald et al. 1999). Chemicals present in 
or on the leaf surface also can act as phagostimulants (Matsuda and Matsuo 1985, 
Adati and Matsuda 1993, Lin et al. 1998a, 1998b). 
A large proportion of leaf tissue in young Populus plantations is succulent 
(leaf plastochron index 0-8 [Larson and lsebrands 19711); this is the preferred 
feeding range for the cottonwood leaf beetle (Bingaman and Hart 1:992). This fact, 
coupled with the cottonwood leaf beetle's multivoltine lifestyle and high potential 
fecundity, can lead to outbreak conditions in SRWC plantation Popu/us. 
Harrell (1980) stated that adult cottonwood leaf beetles consume more leaf 
area per individual than larvae. However, the most severe damage to the plant 
results from the larval feeding pattern, as entire leaves are often skeletonized 
(Harrell et al. 1982). Larval feeding and performance should be examined and used 
as a selection criterion for hybrid advancement in the Popu/us breeding program. 
Reichenbacker et al. (1996) showed that artificial defoliation (designed to mimic that 
of the larval cottonwood leaf beetle) significantly reduced growth and biomass 
16 
production of plantation Populus. Hybrids that cause reduced larval size (which 
often correlates with leaf area consumption) and survival should be selected for 
advancement in regional biomass production trials. One purpose of this study was 
to measure larval performance on selected University of Washington pedigree 
material. This material orig,inated from an inbred pedigree established in 1981 
(Bradshaw and Stettler 1994). Eleven F1 clones were produced from a female P. 
trichocarpa and a male P. deltoides parent. Two of these F 1 clones were used to 
produce a group of F2 clones in 1988. All clones are currently maintained at 
Washington State University's Farm 5 in Puyallup, WA (Bradshaw and Stettler 1994, 
Bradshaw et al. 1994). The genetics of all clones used in this study are well known 
(Bradshaw and Stettler 1993, 1994, 1995, Bradshaw et al. 1994). Clones from this 
study that induce low levels of larval performance could be used more extensively in 
fundamental studies of genetic control using Populus species. 
Lin et al. (1998a) discovered that the leaf surface chemicals alpha-
tocopherylquinone and several long-chain alcohols, in specific ratios, act as 
cottonwood leaf beetle feeding stimulants (phagostimulants). Because the 
production of these chemicals also differed between Populus species and hybrids 
(Lin et al. 1998b), these phagostimulants could potentially be manipulated in the 
leaves themselves thorough selective breeding or genetic alteration to make the tree 
less attractive to the cottonwood leaf beetle. The second objective of this study is to 
determine the effect of larval feeding on the ratio of leaf surface chemicals produced. 
Leaf surface chemical ratios will then be compared to larval performance to 
determine relationships between the two. Hopefully, information generated from this 
17 
study will be pertinent to the hybrid Populus breeding and selection program in the 
north-central portion of the United States. 
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CHAPTER 2. COTTONWOOD LEAF BEETLE (COLEOPTERA: 
CHRYSOMELIDAE) LARVAL PERFORMANCE 
ON EIGHT POPULUS CLONES 
A paper to be submitted to Environmental Entomology 
David R. Coyle,1•3 Joel D. McMillin,2 Richard B. Hall,3 and Elwood R. Hart1•3 
Abstract 
The cottonwood leaf beetle, Chrysomela scripta F. (Coleoptera: 
Chrysomelidae), is the most serious defoliator of young plantation-grown Popu/us in 
the eastern United States. Field experiments were conducted in the growing 
seasons of 1998 and 1999 to determine the overall feeding performance of larval 
cottonwood leaf beetle on eight Populus selections from a pedigree family. Using a 
randomized complete block design, entire trees were enclosed in mesh cages, and 
female C. scripta were allowed to oviposit in sleeved cages on each tree. Larval 
cohorts were culled to a set number upon hatch and allowed to develop to pupation 
within the sleeved cage. Larval mortality, pupal weight, adult emergence, and total 
mortality were recorded as performance parameters. Significant but inconsistent 
1 Department of Entomology, Iowa State University, Ames, IA 50011 
2 USDA Forest Service, Forest Health Management, Rapid City, SD 57702 
3 Department of Forestry, Iowa State University, Ames, IA 50011 
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performance differences were found among clones, suggesting that some clones 
were less suitable for cottonwood leaf beetle larval development. Larval 
performance was generally lower on clones with higher Tacamahaca parentage. C. 
scripta performance was significantly lower in 1999 and showed a decline 
throughout the 1999 growing season. Clones with similar foliar characteristics 
could be used for plantings or in developing cottonwood leaf beetle-resistant hybrid 
Populus selections for short-rotation woody crop systems. 
Keywords Chrysomela scripta, larvae, performance, Popu/us, short-rotation 
forestry 
Introduction 
Short-rotation woody crop systems have the potential to become an effective 
alternative to traditional forestry, as they can produce large amounts of wood fiber 
and wood products in a relatively short amount of time. These systems are 
comprised of fast growing tree selections in a plantation setting. They are given 
uniform treatment and are usually harvested at 7-10 year intervals (Lortz et al. 
1994). This alternative approach to wood production has the potential to become a 
major factor in timber, pulp, and energy and biofuels production (Ehrenshaft 1999, 
Graham and Walsh 1999). Short-rotation woody crop systems have been shown to 
reduce pollution, pesticide runoff, and erosion (Graham et al. 1992, Stettler et al. 
1996, Dix et al. 1997) compared to agricultural systems. Of the many species used 
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in short-rotation woody crop systems, trees in the genus Populus seem to have 
excellent potential, especially in the north central region of the United States 
(Dickmann and Stuart 1983). The cottonwood leaf beetle, Chrysomela scripta F. 
(Coleoptera: Chrysomelidae), is the most serious defoliator of young plantation 
Populus in the eastern United States (Burkot and Benjamin 1979, Harrell et al. 
1981). Both larvae and adults of this multivoltine insect can damage Popu/us. 
During the establishment period (the first 1-3 y), Popu/us trees contain a high 
percentage of succulent (having high water content) leaves throughout the growing 
season; this foliage is the most suitable for larval cottonwood leaf beetle 
consumption (Bingaman and Hart 1992). Feeding can result in loss of 
photosynthetic material, reduced growth rates, and damaged or dead terminal 
leaders or shoots (Kulman 1971, Sassman et al. 1982, Bingaman and Hart 1992). 
Reichenbacker et al. (1996) found that high levels of simulated C. scripta defoliation 
significantly reduced Populus biomass production. Common control methods 
include insecticides (Page and Lyon 1976, Abrahamson et al. 1977) or biorational 
methods such as Bacillus thuringiensis applications (Coyle et al. 2000). Host-plant 
resistance is another biorational method receiving considerable attention. Trees in 
the genus Popu/us are easily propagated and genetically transformed (Klopfenstein 
et al. 1997) and, by crossbreeding and backcrossing, Populus hybrids can be 
produced that express a large range of traits of the parent trees. One such trait is 
susceptibility to cottonwood leaf beetle. Varied degrees of susceptibility to C. 
scripta feeding damage exist among Populus clones (Caldbeck et al. 1978, Harrell 
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et al. 1981, Haugen 1985, Bingaman and Hart 1992, 1993). One goal of this 
breeding is to attain a tree that is less susceptible to C. scripta feeding, yet retains 
the rapid growth capabilities of the species without reducing susceptibility to other 
pests. 
Previous studies were concerned primarily with effects of foliar chemistry on 
adult feeding and oviposition, or made no distinction between adult and larval 
feeding. To our knowledge, no studies have explicitly examined the effect of 
Populus food quality on larval C. scripta. We hypothesized that some clones were 
more suitable for larval growth and development. Our major objective was to 
determine if there were differences, as a result of leaf quality, in C. scripta larval 
performance on eight Populus clones from a pedigree family. 
Materials and Methods 
Insects. Adult C. scripta from a laboratory colony were used in all trials in 1998 and 
in generation 1 of 1999. The colony was started in September 1997 from a local 
wiJd population obtained as larvae from a poplar plantation near the Ames Municipal 
Water Pollution Control Facility, Ames, Iowa. Beetles were reared in plastic crisper 
boxes (27 x 19 x 10 cm) under a constant 24:18°C temperature regime with a 16:8 h 
(L:D) photoperiod. They were fed field-collected and greenhouse-grown Populus x 
euramericana var. 'Eugenei' leaves of leaf plastochron index (LPI) 1-8 (Larson and 
lsebrands 1971, Bingaman and Hart 1992). The laboratory colony was renewed 
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each spring and fall with field-collected insects. Generations 2 and 3 in 1999 used 
C. scrip ta collected from plot border trees at the field site .. 
Plant material. Material from the University of Washington/Washington State Poplar 
Program was used in this study (Table 1 ). Genetic composition of F2 clones was 
estimated using molecular marker data (Bradshaw, personal communication). Lin et 
al. (1998b) found that the ILL-129 parent presents a high concentration of alpha-
tocopherylquinone (a-TQ) on the leaf surface and is a preferred food source of adult 
C. scripta over the other parent, 93-968, which has nearly no a-TQ present on its 
leaf surface. The F 1 selections, 53-242 and 53-246, present intermediate amounts 
of a-TQ (Lin et al. 1998a, b ). Both are preferred over either parent tree in feeding 
trials. Clones 1130, 1140, 1162, and 1073 were selected from the F2 plantings. 
These hybrids present varying amounts of a-TQ; some below, some within, and 
some above the preferred feeding range of adult C. scripta (Lin 1998). 
Extensive rabbit damage to clone 1073 during the hardening-off period 
outside the greenhouse eliminated this selection from the Upper Reactor site; thus it 
was not included in the analysis for the 1998 generation 2. All eight clones were 
used at the Lower Reactor site. 
Field sites and procedure. The 1998 generation 2 field study was performed on a 
plot near the ISU Institute for Physical Research and Technology, Ames, IA This 
upland plot was designated as the Upper Reactor research site. The soil had a 
moderate clay content. Previous cover was alfalfa; this was killed by an application 
of Roundup® (Monsanto Company, St. Louis, MO) in the fall of 1996. The field plot 
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was 24.4 m (80 ft) x 23.2 m (76 ft). Row width was 3.1 m (10 ft) with trees planted 
at 1.2 m (4 ft) intervals. Rooted hardwood cuttings were transplanted from the 
greenhouse to the field in June 1997. The site was disked and kept relatively weed 
free throughout the growing season. 
Clones were planted in five blocks in a randomized complete block design. 
Each block consisted of 16 trees (eight clones, two trees per clone). Each clone 
was considered one treatment. Two rows of 'Eugenei' trees (a P. deltoides x P. 
nigra hybrid) were used as border trees around the entire study area. This 
cottonwood leaf beetle preferred clone is used as a standard in all Populus field 
trials at Iowa State University. Tree cages were constructed of 18-mesh polyester 
screening (Balson Hercules Company, Pawtucket, RI) to minimize outside 
interference from predators and parasitoids, yet allow ambient weather to act upon 
the experimental units. There was little, if any, reduction in weather conditions (e.g. 
sunlight, wind, rain); however, this data was not recorded. Cage dimensions were 
1.12 x 1.12 x 1.42 m, and were constructed to fit over a PVC pipe frame. Each 
frame was set on two re-rod sections pushed halfway (ca. 25 cm) into the ground for 
stabilization. These cages remained over both the experimental and control trees 
for the duration of each growing season. From each pair of trees for each clone, 
one was chosen at random as the experimental tree. Preliminary greenhouse data 
had shown that female C. scripta would oviposit on each of the eight experimental 
clones used when given no choice. A gravid female or a mated pair of C. scripta 
was placed within a sleeve cage (13 cm dia. x 38 cm) on a growing tree terminal. 
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Adult(s) and sleeve cages were removed after oviposition. Eggs were allowed to 
hatch, and the cohorts were culled (using a forceps and/or metal probe) to 15 larvae 
per terminal. The larvae were allowed to develop to pupation within the cage. 
Pupae were collected and brought back to the laboratory for weighing to the nearest 
1 x 104 g on a Mettler AE 100 Analytical Balance (Mettler Instrument Corporation, 
Hightstown, NJ). Larval survival (from neonate to viable pupae), pupal weight, adult 
emergence, and total mortality were recorded. 
Several modifications were made to the protocol for the remainder of the 
study. All successive experiments were performed north of the Upper Reactor site 
at the Lower Reactor field site. This was primarily an alluvial floodplain of Squaw 
Creek. This soil was well suited for Populus, as it was close to the water table and 
maintained a high moisture content. Previous ground cover (alfalfa) was killed in 
the fall of 1997 by an application of Roundup® (Monsanto Company, St. Louis, MO). 
The field plot was 24.4 m (80 ft) x 32.9 m (108 ft). Row width was 3.1 m (10 ft) with 
trees planted at 1.2 m (4 ft) intervals. Trees were obtained from hardwood cuttings 
started in the greenhouse. Rooted hardwood cuttings were transplanted from the 
greenhouse to the field in May 1998. Weeds were controlled on this site throughout 
both growing seasons by disking, mowing, and hand weeding. 
Clones were arranged in a randomized complete block design, with each 
block containing 24 trees (eight clones, three trees per clone). Each clone was 
again considered a treatment. Two rows of 'Eugenei' were used as border trees 
around the entire study area. 
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Sleeve cages (20 cm dia. x 50 cm) were placed on a growing terminal on the 
tree at the beginning of each generation and remained there for the duration of that 
generation. A mated pair of C. scripta was placed into each sleeve cage. The 
adults were removed after oviposition. Eggs were allowed to hatch, and the cohorts 
were culled (using a forceps and/or metal probe) to 10 larvae per terminal. Sleeve 
cages were moved apically on the terminal as needed to provide the larvae with a 
constant supply of leaves. Pupae were collected and brought back to the laboratory 
for weighing. Larval survival, pupal weight, adult emergence, and total mortality 
were recorded as for the Upper Reactor site. 
Trees were pruned during winter dormancy and after each C. scripta 
generation to insure their fit inside the mesh tree cages. Trees were sprayed in 
November 1998 with TreeGuard® deer repellent (Nortech Forest Technologies Inc., 
St. Louis Park, MN) to discourage deer from eating the buds during winter. The 
area around the base of each tree was sprayed in April 1999 with Roundup®, Goal® 
(Rohm and Haas Company, Philadelphia, PA), and Pendulum® (American 
Cyanamid Company, Wayne, NJ) for weed control. Care was taken to avoid 
herbicide contact with the trees. In 1999, PVC and mesh cages were installed over 
the same trees as in the 1998 generation 2. Only when one of the trees used in the 
1998 generation 2 was dead was an extra tree used. Extra trees were not used 
after the first generation of 1999, as they were uncaged and sustained extensive 
feeding damage from natural C. scripta populations. 
41 
Temperature data were gathered from the Ames Municipal Airport, Ames, IA 
(Iowa Dept. of Agriculture and Land Stewardship 1998, 1999). Mean temperature 
for each generation was used in analyzing all performance parameters. 
Statistical Analyses. Individual generations were analyzed to determine if larval 
performance differences existed among clones. Generation 3 of 1998 and 1999 
· were analyzed together to compare the effects of tree age and on larval 
performance. These two generations were conducted on the same site and same 
trees each year. All three generations conducted in 1999 were analyzed together to 
evaluate seasonal differences in larval performance. Generations 3 of 1998 and 1-
3 of 1999 were analyzed together to obtain overall performance differences among 
clones at the Lower Reactor site. All data were analyzed using the General Linear 
Model procedure (SAS Institute 1998). Means for each clone were analyzed using 
the Least Squared Difference test (SAS Institute 1998). Data also were log 
transformed, with no changes in significance in any of the parameters evaluated. 
For this reason, all values reported herein are from the General Linear Model 
procedure. Parentage and temperature effect were evaluated using a correlation 
and regression analysis (SAS Institute 1998). Clonal differences can often be very 
small and may be caused by the conditions of field research. Even in small plots, 
variations exist in soil type and composition, microclimate, and moisture. For these 
reasons, we used P s 0.10 as our significance parameter. 
42 
Results 
1998 Generation 2. Larval survival (F = 1.13; df = 6, 29; P = 0.375), pupal weight (F 
= 1.32; df = 6, 19; P= 0.297), emergence (F= 0.81; df= 6, 24; P= 0.571), and total 
mortality (F = 0.81; df = 6, 24; P = 0.571) did not differ significantly among all clones 
tested. However, mean larval survival on clones 53-242 and 1140 was higher than 
on clone 53-246 (df = 6; t = 2.01; P = 0.056; Table 2). Pupal weights on clones 53-
242 (df = 6; t = 2.43; P = 0.025), 93-968 (df = 6; t = 2.18; P = 0.042), and 1130 (df = 
6; t = 1.87; P = 0.078) were significantly lower than those from clone 53-246. 
Significantly fewer adults emerged (df = 6; t = 1.74; P = 0.094) and higher mortality 
occurred (df = 6; t = 1.74; P = 0.094) on clone 53-246 compared with clone 53-242. 
1998 Generation 3. Larval survival differed significantly among clones (F = 2.14; df 
= 7, 28; P = 0.073). Significantly fewer larvae survived on clones 1162 (df = 7; t = 
2.50; P = 0.019), 93-968 (df = 7; t = 2.63; P = 0.014), and 52-242 (df = 7; t = 2.76; P 
= 0.01) than on clone 1130 (Table 2). Similar patterns occurred when comparing 
clones 1162 (df = 7; t = 2.11; P = 0.044), 93-968 (df = 7; t = 2.24; P = 0.034), and 
52-242 (df = 7; t = 2.37; P = 0.025) to clone 1073. Overall, pupal weight did not 
differ among all clones (F = 0.94; df = 7,25; P = 0.497); however, pupal weight on 
clone 93-968 was significantly less than on clone 53-242 ( df = 7; t = 1. 70; P = 0.10). 
There were no significant differences in adult emergence (F = 0.82; df = 7, 28; P = 
0.582) or total mortality (F = 0.82; df = 7, 28; P = 0.582) among clones. However, 
the lowest adult emergence and highest total mortality occurred on clones 93-968, 
53-242, and 1162. 
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1999 Generation 1. The fewest larvae survived on ILL-129 (Table 2), however, 
survival did not differ among clones (F = 0.59; df = 7, 28; P = 0.757). Average pupal 
weights (F = 1.22; df = 7, 28; P = 0.323), adult emergence (F = 0.97; df = 7, 28; P = 
0.475), and total mortality (F = 0.96; df = 7, 28; P = 0.48) also did not differ among 
clone. Lower mean pupal weights occurred on clone 1073 than on clones 1162 (df 
= 7; t = 1.93, P = 0.064), 53-246 (df = 7; t = 1.90; P = 0.068), 53-242 (df = 7; t = 
1.86; P = 0.074), and 1130 (df = 7; t = 1.81; P = 0.082). Fewer adults emerged on 
clone 1073 than on 1130 (df = 7; t = 2.04; P = 0.05), 1140 (df = 7; t = 1.82; P = 
0.08), or ILL-129 (df = 7; t = 1.70; P = 0.1). Higher mortality occurred on clone 1073 
than on clones 1130 (df = 7; t = 2.04; P = 0.051), 1140 (df = 7; t = 1.81; P = 0.081), 
or ILL-129 (df = 7; t = 1.7; P = 0.10). 
1999 Generation 2. Significant differences among clones did not occur in larval 
survival (F = 1.15; df = 7, 26; P = 0.364), pupal weight (F = 0.79; df = 7, 24; P = 0.6), 
adult emergence (F = 0.4; df = 7, 26; P = 0.895), or total mortality (F = 0.4; df = 7, 
26; P = 0.895). However, fewer larvae survived on clones ILL-129 (df = 7; t = 2.1; P 
= 0.046; Table 2), 93-968 (df = 7; t = 1.98; P = 0.059) and 1162 (df = 7; t = 1.85; P = 
0.075) than on clone 53-246. Pupae on clones 1130 (df = 7; t = 1.81; P = 0.083) 
and ILL-129 (df = 7; t = 1.7; P = 0.1) weighed less than those on clone 53-242. The 
fewest adults emerged on clones 53-242, ILL-129, and 1130, and the highest total 
mortality in this generation occurred on these three clones. 
1999 Generation 3. No significant differences occurred among clones in larval 
survival (F = 1.15; df = 7, 22; P = 0.369). Fewer larvae survived on clones ILL-129 
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(df = 7; t = 2.34; P = 0.029), 93-968 (df = 7; t = 1.93; f! = 0.066), 1073 (df = 7; t = 
1.93; P = 0.066), 53-242 (df = 7; t = 1.69; P = 0.1), or 1140 (df = 7; t = 1.69; P = 0.1) 
than on clone 1130 (Table 2). Mean pupal weight was not significantly different 
among clones (F = 0.32; df = 7, 12; P = 0.93), yet pupae on clones 1162 and 93-968 
weighed the least. Adult emergence differed significantly among clones (F = 2.42; 
df = 7, 22; P = 0.053), and was significantly lower on clones 93-968 (df = 7; t = 3.18; 
P = 0.004), 1073 (df = 7; t = 2.92; P = 0.008), and ILL-129 (df = 7; t = 2.52; P = 0.02) 
than on clone 1130. Adult emergence also was lower on clones 93-968 (df = 7; t = · 
1.99; P = 0.059) and 1073 (df = 7; t = 1.74; P = 0.095) compared with clone 53-246, 
and on clones 93-968 (df = 7; t = 1.95; P = 0.064) and 1073 (df = 7; t = 1.73; P = 
0.099) compared with clone 1162. Clone had a significant effect on total mortality 
(F = 2.42; df = 7, 22; P = 0.053). Significantly higher total mortality occurred on 
clones 93-968 (df = 7; t = 3.18; P = 0.004), 1073 (df = 7; t = 2.92; P = 0.008), and 
ILL-129 (df = 7; t = 2.52; P = 0.02) than on clone 1130. Total mortality on clones 
1130 (df = 7; t = 2.92; P = 0.008), 53-246 (df = 7; t = 1.74; P = 0.095) and 1162 (df = 
7; t = 1.73; P = 0.099) also was higher when compared with clone 1073. 
Yearly Variation in Larval Performance. Data were analyzed from generation 3, 
1998 and 1999. These insects were on trees on the same site, however, trees were 
in their first and second growing season in 1998 and 1999, respectively. With few 
exceptions, al!I aspects of larval performance were lower in 1999 (Table 2). Larval 
survival differed significantly between years (F = 10.87; df = 1, 58; P = 0.002) and 
among clones (F = 1.93; df = 7, 58; P = 0.081), and decreased in 1999 on all but 
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one clone. Mean pupal weight was significantly lower in 1999 (F = 38.26; df = 1, 45; 
P < 0.001 ), as was adult emergence (F = 32.59; df = 1, 58; P < 0.001 ). Total 
mortality was significantly higher in 1999 (F = 32.59; df = 1, 58; P < 0.001) than in 
1998 on all clones evaluated. 
Seasonal Variation in Larval Performance. All C. scripta from generations 1-3, 1999 
fed on equally-aged trees on the same site. Overall, performance declined 
throughout the growing season (Table 2). Larval survival decreased throughout the 
season (F = 14.19; df = 2, 88; P < 0.001 ). Clone also had a significant effect on 
larval survival throughout the season (F = 2.08; df = 7, 88; P = 0.054). With the 
exception of clone 53-246, the most larvae survived during generation one. Also, 
larvae on clones 1130 and 1162 had lower survival rates in the second generation 
than in the third generation. Mean pupal weights also decreased significantly 
throughout the growing season (F = 28.18; df = 2, 76; P < 0.001 ). Adult emergence 
decreased significantly throughout the growing season (F = 20.6; df = 2, 88; P < 
0.001), however, lower emergence occurred on clones 53-242, 1130, and 1162 in 
generation 2 compared with generation 3. Conversely, total mortality increased 
significantly during the growing season (F = 20.6; df = 2, 88; P < 0.001) with the 
exception of clones 53-242, 1130, and 1162, in which total mortality.decreased in 
the third generation. 
All Lower Reactor Generations. Larval survival differed significantly among 
generation (F = 10.6; df = 3, 104; P < 0.001) and clone (F = 2.78; df = 7, 104; P < 
0.011). Overall larval survival was lowest on the two parent clones (Table 3). With 
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the exception of clones 1130 and 1162, larval survival was lowest in 1999 
generation 3 (Table 2). Mean pupal weight differed significantly among generations 
(F= 24.51; df = 3, 89; P< 0.001), with the lowest rates occurring in generation 3, 
1999. The lightest pupae occurred on clones 1073, ILL-129, and 93-968, 
respectively. Generation had a significant effect on adult emergence (F = 24.91; df 
= 3, 104; P < 0.001); the lowest emergence occurred in generations 2 and 3, 1999. 
The fewest adults emerged on clones 1073 and 93-968. Mortality also was highest 
in generations 2 and 3 of 1999 (F = 24.84; df = 3, 104; P < 0.001). The highest total 
mortality occurred on clones 1073 and 93-968. 
Parentage and Temperature Effects. No significant effects occurred as a result of 
temperature on any of the clones evaluated (R2 values ranged from 0.00 to 0.47). 
Clonal parentage also had no effect (R2 = 0.27). 
Discussion 
Previous chrysomelid preference and performance studies evaluated multiple 
host plant species; their results showed varying preference and performance 
depending on host plant. Larval and adult Phratora vitellinae L. (Coleoptera: 
Chrysomelidae) showed a wide range of preference and performance on Salix spp. 
(Salicaes: Salicacae) (RoweH-Rahier 1984, Rank et al. 1998). Orians et al. (1997) 
attained similar results using Plagiodera versicolora (Laicharting) (Coleoptera: 
Chrysomel.idae). Studies using Chrysomela spp. on Sa/ix spp. (Horton 1989, Rank 
47 
1992, 1994, Orians et al. 1997) and Populus spp. (Augustin et al. 1993, Floate et al. 
1993) also found varying degrees of plant susceptibility and larval performance. 
C. scripta preference and performance vary among Populus clones and leaf 
ages (Dickmann and Stuart 1983, Caldbeck et al. 1978, Harrell et al. 1981, 
Bingaman and Hart 1992, 1993). We found several larval performance differences 
among clones; this concurred with previous C. scripta performance studies on 
commercially available clones (Augustin et al. 1994, Augustin et al. 1997). 
No significant correlations were found between parentage and performance 
parameters in any of the generations evaluated, although several trends were 
evident. Larval performance was generally lower on clones with higher 
Tacamahaca parentage; several examples occurred throughout the five generations 
conducted (Table 3). Caldbeck et al. (1978) and Harrell et al. (1981) found that 
defoliation was greater on clones with 100% Tacamahaca parentage. Conversely, 
Bingaman and Hart (1992) found pure Tacamahaca clones to be the least 
consumed clone. However, the three aforementioned studies were choice tests, 
whereas our study was not. While Bingaman and Hart (1992) did not measure C. 
scripta larval performance, consuming lower amounts of leaf area may correspond 
to lower performance. 
Larval performance on clone ILL-129, a pure P. deltoides (section Aigeiros), 
varied greatly among generations (Table 3). Overall performance on ILL-129 
ranged from poor to average. Other studies have shown the best larval 
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performance (Augustin et al. 1994, 1997) and heaviest defoliation (Caldbeck et al 
1978, Bingaman and Hart 1992) on section Aigeiros clones. 
A wide range of larval performance occurred on the F1 and F2 intersectional 
clones in our study. Generally, larval performance on clones with increased 
Tacamahaca parentage (1073 and 1162) was lower, while performance on clone 
1130 (predominately Aigeiros) was higher (Table 3). Floate et al. (1993) showed 
higher Chrysomela confluens larval survival on hybrid poplars compared with two 
pure species. Furthermore, Whitham (1989) showed the effects of hybrid plant 
zones on insect pests. Insects were much more abundant and performed better in 
hybrid zones. Hybrids may not possess the natural genetic resistance 
demonstrated in the pure species, as these traits may have been lost, suppressed, 
or had important combinations of alleles broken up through hybridization. 
Martinsen et al. (1998) found that Popu/us spp. resprout growth (resulting 
from cutback stems and branches) contained increased amounts of phenolic 
glycosides and nitrogen. This correlated positively with increased Chrysomela 
~onfluens performance. We did not measure phenolic glycoside or foliar nitrogen in 
this study. Also, no studies have been done to measure alcohol or alpha-
tocopherylquinone content in Populus resprouts; however, amounts of these 
chemicals declined over the course of the growing season on the trees used in this 
study (Coyle unpublished data). Generation 1, 1999, took place on trees that had 
not experienced defoliation or artificial cutback that growing season. This may have 
played a part in the decline of insect performance during the 1999 growing season. 
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Although only one repetition for each year was analyzed, larval performance 
was much better on 1-y-old trees compared with 2-y-old trees. Other chrysomelid 
larvae have been shown to prefer and perform better on young trees (Petrenko 
1987); this may be the case for C. scripta as well. However, all egg masses were 
laid on leaves LPI 1-8, and after hatching most larvae migrated to and stayed near 
LPI 2-6, C. scripta's preferred feeding range (Bingaman and Hart 1992, Augustin et 
al. 1997). 
Four generations of this study were conducted on the Lower Reactor site 
using the same plants. We generated overall performance values from these data. 
Overall, pupae from larval cohorts feeding on the clone 1073 and the parent clones 
were lightest in weight (Table 3). While pupal weight has been shown to be an 
indicator of adult fecundity in other insects (Miller 1957, Zhang and Wagner 1991), 
Coyle et al. (1999) showed that larval survival and adult longevity may be the most 
adequate indicators of potential fecundity for multivoltine leaf feeding beetles. 
However, assuming that larger larvae become larger pupae by consuming more leaf 
tissue, pupal weight may be used as an indicator of total leaf area consumed. 
Hence, it might be inferred that larvae on these three clones may have consumed 
less leaf area, although this was not measured. 
Overall, larval performance was poorest on both parent clones and one 
hybrid. The poorest larval performance occurred on clones 93-968 and 1073. 
Larval survival on clone 93-968 was the lowest, and performance values for pupal 
weight and emerging adults were near the lowest as well (Table 3). Clones 1073 
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and 93-968 had the two highest total mortality values recorded. Larvae on clone 
1073 also had the lowest pupal weight and adult emergence. Larval survival and 
pupal weight were also poor on ILL-129. The poorest larval performance in two 
previous studies occurred on P. fremontii var. wislenzensii, a pure section Aigeiros 
species (Augustin et al. 1994, 1997). This agrees with our findings in that larval 
performance is generally lower on pure species. Clone ILL-129 (P. deltoides) is in 
the section Aigeiros; the two clones showing the lowest larval performance had 
higher amounts of Tacamahaca parentage. This disagrees with the studies by 
Harrell et al. (1981) and Augustin et al. (1994, 1997), but corresponds with the 
study by Bingaman and Hart (1992) in which clones with a high percentage of 
Tacamahaca parentage were least preferred and consumed. 
Herbivorous action has been shown to increase the susceptibility of hybrid 
poplars to disease (Klepzig et al. 1997). Also, trees infected with disease may have 
changed nutrient or energy allocation to help control the disease. Trees in this 
study were subjected to repeated defoliation, and several diseases may have 
affected larval performance. Infestations of Septoria leaf spot, Septoria musiva 
Peck (Deuteromycotina: Coleomycetes) and Melampsora spp. leaf rust were found 
on both sites. These diseases .occurred on primarily older leaves (Coyle, personal 
observation) and partially defoliated some trees. Disease did not affect the larvae 
directly, as larval C. scripta prefer to feed on young leaves (Bingaman and Hart 
1992). In no treatment were larvae observed consuming foliage with visible sig,ns of 
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disease. We did not quantify the impact, if any, these diseases had on larval 
growth. 
All 1998 C. scripta generations and generation 1, 1999 used beetles from a 
laboratory colony. With the exception of potential genetic bottlenecking that may 
have taken place, these beetles were reared in nearly ideal conditions. Generally, 
larval performance in these generations was better than in the two generations that 
used wild adults. 
As third instars began their prepupal wandering stage in generation 2, 1998, 
larvae tended to wander off trees on the upper reactor site and pupate on lower 
branches, sticks, grass, or other objects on or near the ground. This made pupal 
collection difficult, as great amounts of time were spent searching through ground 
cover for pupae. Additionally, generalist predators such as carabids or staphylinids 
may have had the opportunity to consume larvae or pupae. Protocol was changed 
after this generation to increase efficacy and confidence of data collection. 
Insufficient moisture, elevated CO2 levels, and light availability can induce 
changes in leaf chemistry that may reduce the foliage qual.ity for insect defoliators 
(Horton 1989, McDonald et al. 1999). Insect herbivory also has been shown to 
induce chemical changes in Populus, thereby making foliage less suitable for 
subsequent herbivores (Petrenko 1987, Robison and Raffa 1997, Lindroth and 
Kinney 1998, Roth et al. 1998). Coyle et al. (unpublished data) showed changes in 
tree chemistry over the course of the 1999 growing season. For 1998, generation 3 
larvae fed on trees that had never been defoliated. Changes in leaf chemistry, 
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toughness, .or moisture caused by the defoliation effects of two prior leaf beetle 
generations may have attributed to the 1999 generation 3 decline in larval 
performance. 
Generation 1, 1998 took place on a site with a high clay content in its soils. 
When heavy rains during the summer of 1998 fell, soil on this site did not allow a 
rapid infiltration of water, causing it to accumulate on the ground surface. This 
caused tree mortality in several trees, and may have impacted the health of the 
survivors. Soil at the lower reactor site contained much less clay, and water more 
easily percolated throughout the soil. The soil effect was not measured; however, it 
may have had an effect on tree health and leaf composition, and subsequently, 
larval performance. 
P. trichocarpa does have desirable growth characteristics. However, it is not 
native to the north central region of the United States. One reason larval 
performance on this clone was lowest may be that C. scripta has not yet adapted to 
this new food source. P. deltoides is native to the eastern part of the United States, 
and has probably co-existed with C. scripta for centuries. It is possible that 
performance on ILL-129 was consistent with what would occur in a native P. 
deltoides stand. A wide range of performance occurred on all other clones. SeveraJ 
studies have shown hybrid plants to be more susceptible to insect attack (Whitham 
1989, Floate et al. 1993, Kruse and Raffa 1996). Short-rotation woody crop 
systems are meant to make huge yearly increases in biomass, with a life span 
usually around 8-10 years. For this reason, breeding programs often focus on 
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creating fast growing hybrid poplars, and breeding pest resistance may not always 
get the attention it deserves. 
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Table 1. Populus clones used in C. scripta larval performance study. 
Sectional 
Clone Generation Source Composition, %8 
ILL-129 Parent Pure P. deltoides of southern Illinois origin 100A 
93-968 Parent Pure P. trichocarpa originating in the Pacific Northwest 100 T 
53-242 F1 P. deltoides x P. trichocarpa hybrid 50 A; 50 T 
53-246 F1 P. deltoides x P. trichocarpa hybrid 50A; 50 T 
1130 F2 Offspring of 53-242 x 53-246 64A; 36 T 
0) 
1140 F2 Offspring of 53-242 x 53-246 51 A; 49 T -'-
1073 F2 Offspring of 53-242 x 53-246 35A; 65 T 
1162 F2 Offspring of 53-242 x 53-246 34A; 66 T 
a A denotes Aigeiros; T denotes Tacamahaca 
Table 2. C. scripta performance parameters (mean ± SE) from five generations conducted in central· Iowa, 1998 and 
1999. · 
Pupal weight (mg) 
Clone 
Year Gen. ILL-129 93-968 53-242 53-246 1130 1140 1073 1162 
1998 28 39.5 ± 4.6 37.8 ± 2.9 37.2 ± 1.9 42.7 ± 1.3 37.8 ± 4.2 39.3 ± 1.1 N/A 39.2 ± 3.2 
3b 41.8 ± 3.6 41.8 ± 1.7 45.7 ± 5.2 41.7 ± 3.9 44.2 ± 5.4 43.4 ± 2.9 43.1 ± 2.5 41.3 ± 2.3 
1999 1b 42.7 ± 2.5 42.7 ± 7.3 46.7 ± 3.6 46.8 ± 4.3 46.6 ± 3.6 43.8 ± 2.8 41.1 ±6.0 46.9 ± 5.2 
2b 
(J) 
39.2 ± 3.7 41.6 ± 1.6 43.0 ± 5.2 42.4 ± 3.8 38.9 ± 4.7 40.2 ± 2.7 40.8 ± 2.6 40.3 ± 3.5 I\,) 
3b 37.5 ± 6.4 35.8 ± 4.4 36.8 ± 6.1 36.9 ± 5.9 36.8 ± 4.8 38.4 ± 0.0 35.9 ± 2.2 33.3 ± 2.3 
Table 2. Continued. 
Larval survival (%) 
Clone 
Year Gen. ILL-129 93-968 53-242 53-246 1130 1140 1073 1162 
1998 2a 48 ± 28.2 44 ± 29.3 64 ± 25.7 23 ± 39.9 44 ± 37.3 64 ± 31.1 N/A 31 ± 27.7 
3b 76 ± 18.2 54 ± 30.5 52 ± 33.5 72 ± 16.4 94 ± 8.9 74 ± 27.2 88 ± 16.4 56 ± 36.5 
1999 1b 74±25.1 80 ± 23.5 88 ± 13.0 82 ± 14.8 92 ± 13.0 76 ± 32.1 76 ± 21.9 82±17.9 
2b 50 ± 24.5 52 ±41.2 60 ± 15.8 84 ± 15.2 74 ± 5.5 63 ± 20.8 74 ± 23.0 54 ± 11.4 
3b 0) 26 ± 35.8 36 ± 41.0 42 ± 37.7 55 ± 48.0 84 ± 23.0 25 ± 35.4 36 ± 30.5 63 ± 55.1 u) 
Table 2. Continued. 
No. adults emerged (%) 
Clone 
Year Gen. ILL-129 93-968 53-242 53-246 1130 1140 1073 1162 
1998 2a 32 ± 30.3 35 ± 29.2 55 ± 21.8 20 ± 34.0 40 ± 37.4 53 ± 34.3 N/A 29 ± 25.2 
3b 72 ± 14.8 48 ± 28.6 50 ± 31.6 58 ± 20.5 76 ± 33.6 54 ± 37.8 66 ± 39.7 48 ± 34.2 
1999 1b 66 ± 32.1 62 ± 36.3 54 ± 31.3 52 ± 32.7 72 ± 31.1 68 ± 30.3 36 ± 16.7 46 ± 37.1 
2b 22 ± 8.4 26 ± 37.8 20 ± 17.3 32 ± 22.8 22 ± 14.8 37 ± 40.4 24 ± 13.4 28 ± 8.4 
3b 10 ± 22.4 0±0.0 24 ± 18.2 33 ± 34.0 48 ± 40.3 15 ± 21.2 4 ± 8.9 40 ± 34.6 
Table 2. Continued. 
Total mortality(%) 
Clone 
Year Gen. ILL-129 93-968 53-242 53-246 1130 
1998 2a 68 ± 30.3 65 ± 29.2 45 ± 21.8 80 ± 34.0 60 ± 37.4 
3b 28 ± 14.8 52 ± 28.6 50 ± 31.6 42 ± 20.5 24 ± 33.6 
1999 1b 34 ± 32.1 38 ± 36.3 46 ± 31.3 48 ± 32.7 28 ± 31.1 
2b 78 ± 8.4 74 ± 37.8 80±17.3 68 ± 22.8 78 ± 14.8 
3b 90 ± 22.4 100 ± 0.0 76 ± 18.2 67 ± 34.0 52 ± 40.3 
a Fifteen larvae per repetition were measured. 
b Ten larvae per repetition were measured. 
1140 1073 1162 
47 ± 34.3 NIA 71 ± 25.2 
46 ± 37.8 34 ± 39.7 52 ± 34.2 
32 ± 30.3 64 ± 16.7 54 ± 37.1 
63 ± 40.4 76 ± 13.4 72 ± 8.4 
a, 
85 ± 40.3 96 ± 8.9 60 ± 34.6 (.11 
Table 3. C. scripta performance parameters on Popu/us pedigree clones, mean ± SE, for all 
larval generations performed at the Lower Reactor site in 1998 and 1999. 
No. adults 
emerged from 
Larval pupae Total Pupal weight 
Clone n survival(%) collected (%) mortality(%) n (mg) 
ILL-129 200 56.5 ± 32.2 42.5 ± 33.9 57.5 ± 33.9 170 40.77 ± 3.82 
93-968 200 55.5 ± 37.6 34.0 ± 36.5 66.0 ± 36.5 150 40.85 ± 5.11 
0) 
53-242 200 60.5 ± 30.5 37.0 ± 28.1 63.0 ± 28.1 180 43.28 ± 5.96 0) 
53-246 190 74.2 ± 25.9 44.2 ± 28.0 55.7 ± 28.0 180 42.51 ± 5.17 
1130 200 86.0 ± 15.4 54.5 ± 36.3 45.5 ± 36.3 200 41.62 ± 5.87 
1140 150 66.0 ± 30.9 50.0 ± 35.7 50.0 ± 35.7 140 42.51 ± 3.11 
1073 200 68.5 ± 29.4 32.5 ± 31.3 67.5 ± 31.3 190 40.21 ± 4.56 
1162 180 63.8 ± 30.3 40.5 ± 28.8 59.4 ± 28.8 160 41.75 ± 5.58 
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CHAPTER 3. EFFECTS OF COTTONWOOD LEAF BEETLE 
LARVAL DEFOLIATION, CLONE, AND SEASON 
ON POPULUS LEAF SURFACE CHEMISTRY 
A paper to be submitted to The Journal of Chemical Ecology 
David R. Coyle, 1•3 Joel D. McMillin,2 Richard B. Hall,3 and Elwood R. Hart1·3 
Abstract 
The cottonwood leaf beetle, Chrysomela scripta F., is a serious defoliator of 
plantation Popu/us. Long-chain fatty alcohols and alpha-tocopherylquinone (a-TQ), 
in specific ratios on the leaf surface of Populus spp., act as phagostimulants to the 
cottonwood leaf beetle. These chemicals and ratios were monitored in 1998 and 
1999 on trees with and without larval C. scripta defoliation. All experimental trees 
.were protected using mesh cages in the field; larval C. scripta were allowed to 
develop until pupation only on trees designated for the defoliation treatment. Leaf 
samples were taken after larvae had pupated. Chemicals were extracted from the 
leaf surface and analyzed using a gas chromatograph. Larval C. scripta feeding 
had small and inconsistent effects on the amount of leaf surface chemicals 
1 Department of Entomology, Iowa State University, Ames, IA 50011 
2 USDA Forest Service, Forest Health Management, Rapid City, SD 57702 
3 Department of Forestry, Iowa State University, Ames, IA 50011 
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produced by the tree, whereas significant clonal effects on leaf surface chemicals 
. . 
occurred in all generations tested. Third generation samples from 1998 contained 
significantly more a-TQ than did those in 1999. Total alcohol amount declined 
significantly over the course of the 1999 growing season, whereas a-TQ amount 
increased. These data show a significant seasonal change in leaf surface chemical 
amounts. This information could be used to develop alternate ways of managing C. 
scripta, possibly by indicating when, during the times trees are most susceptible, 
added measures of control are needed. 
Keywords: alpha-tocopherylquinone, Chrysomela scripta, .leaf surface chemicals, 
phagostimulants, Populus, short-rotation forestry 
Introduction 
The cottonwood leaf beetle, Chrysomela scripta F. (Coleoptera: 
Chrysomelidae), is a serious defoliator of plantation Popu/us (Burkot and Benjamin 
1979, Harrell et al. 1981 ). Its high reproductive capability coupled with the 
multivoltine life cycle makes this pest a serious problem in young plantation Popu/us 
(Head and Neel 1973, Burkot and Benjamin 1979, Bingaman and Hart 1992, 1993). 
A wide range of physiological attributes, including growth rates, susceptibiUty 
to insects and pathogens, and foliar chemistry, exist within the genus Populus (Ff.net 
et al. 1983, Ostry and McNabb 1985, 1990, Zsuffa et al. 1993, Lindroth and Hwang 
1996, Kalischuk et al. 1997, Lin et al. 1998a, b). These differences also can 
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interact with the growth and reproductive success of C. scripta (Caldbeck et al. 
1978, Harrell et al. 1981, Haugen 1985, Bingaman and Hart 1992, 1993). Lin et al. 
(1998a) discovered an important suite of chemicals present on the Populus leaf 
surface. These chemicals, in specific ratios, act as phagostimulants for adult 
cottonwood leaf beetle. These chemicals vary among Populus species and hybrids; 
certain genotypes are less preferred by adult cottonwood leaf beetles for feeding 
(Lin et al. 1998b). However, it is not known if prior defoliation, time of season, or 
tree age influence phagostimulant production. 
Ravenscroft (1994) showed that insect defoliation caused increases in plant 
nutrient concentrations. Insect defoliation also has been shown to induce chemical 
changes in Populus spp. tissues (Picard et al. 1994, Roth et al. 1998). The primary 
objective of this study was to determine the effect of larval C. scripta feeding on 
Populus leaf surface chemicals on eight Populus selections. Previous work showed 
a range of adult cottonwood leaf beetle feeding preference on these clones (Lin et 
al. 1998b) and a wide range of variation in larval performance (Coyle, unpublished 
data). Adult clonal preference was correlated with leaf surface alpha-
tocopherylquinone (a-TQ) amount (Lin et al. 1998b). We hypothesized that larval 
feeding would cause a reduction of cottonwood leaf beetle feeding stimulants on the 
leaf surface. Populus selections that maintain or increase the production of these 
feeding stimulants in response to larval feeding may not be suitable in short-rotation 
woody crop systems, as they would remain suitable for cottonwood leaf beetle 
feeding. even after initial defoliation. Hybrids that decrease the production of these 
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chemicals may be used in creating superior Populus hybrids, capable of superior 
growth rates while having a negative effect on C. scripta feeding. Our second 
objective was to examine the production of leaf surface chemicals over an entire 
growing season. This was achieved by comparing caged trees with no C. scripta 
larvae defol.iation throughout the growing season. The third objective was to 
compare variation in leaf surface chemistry by clone with that reported earlier by Lin 
et al. (1998a, b). 
Materials and Methods 
Insects. Adult cottonwood leaf beetles from a laboratory colony were used in all 
trials in 1998 and in generation 1 of 1999. The colony was started in September 
1997 from a local population obtained as larvae from a poplar plantation near the 
Ames Municipal Water Pollution Control Facility, Ames, Iowa. Beetles were reared 
in plastic crisper boxes (27 x 19 x 10 cm) under a constant 24: 18°C temperature 
regime with a 16:8 h (L:D) photoperiod. They were fed field-collected and 
greenhouse-grown P. euramericana var. 'Eugenei' leaves, leaf plastochron index 
(LPI) 1-8 (Larson and lsebrands 1971 ). The laboratory colony was renewed each 
spring and fall with field-collected insects. Generations 2 and 3 in 1999 used 
cottonwood leaf beetles on site. 
Plant material. University of Washington pedigree material was used in this study 
(Table 1 ). Molecular marker data were used to estimate F2 parentage (H. D. 
Bradshaw, personal communication). Rooted hardwood cuttings were transplanted 
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from the greenhouse to the Upper Reactor in June 1997. Lin et al. (1998b) found 
that the ILL-129 parent presents a high concentration of a-TQ on the leaf surface 
and is a preferred food source of adult cottonwood leaf beetles over the other 
parent, 93-968, which has nearly no a-TQ present. The F1 selections, 53-242 and 
53-246, present intermediate amounts of a-TQ (Lin et al. 1998b). Both are 
preferred over either parent tree in adult feeding trials. Clones 1130, 1140, 1073 
and 1162 were selected from the F2 clones. These hybrids present varying 
amounts of a-TQ, some below, some within, and some above the preferred feeding 
range of the adult cottonwood leaf beetle (Lin 1998b). 
Extensive rabbit damage to clone 1073 during the hardening-off period 
outside the greenhouse eliminated this selection from the Upper Reactor site; thus it 
was not included in the analyses for generation 2 of 1998. All eight clones were 
used at th~ Lower Reactor site. 
Field sites and procedure. The 1998 generation 2 field study was performed on a 
plot at an Iowa State University (ISU) College of Agriculture Farm located near the 
ISU Institute for Physical Research and Technology, Ames, Iowa. This upland plot 
was known as the Upper Reactor research site. Previous cover was alfalfa; this 
was killed by an application of Roundup® (Monsanto Company, St. Louis, MO) in the 
fall of 1996. The field plot was 24.4 m x 23.2 m. Row width was 3.1 m with trees 
planted at 1.2 m intervals. Rooted hardwood cuttings were transplanted from the 
greenhouse to the field in June 1997. The site was disked and kept relatively weed 
free throughout the growing season. 
72 
Clones were arranged in a randomized complete block, split-plot design. 
Each block consisted of two trees per clone, one control and one experimental, for a 
total of 14 trees per block from which measurements were taken. Two rows of 
'Eugenei' trees were used as border trees around the study area perimeter. 
Tree cages were constructed of 18-mesh polyester screening (Balson 
Hercules Company, Pawtucket, RI) to minimize outside interference from predators 
and parasitoids, yet allow weather to act upon the experimental units. Cage 
dimensions were 0.81 x 0.81 x 1.22 m, and were constructed to fit over a PVC 
frame. The frame was set on re-rod sections pushed halfway (ca. 25 cm) into the 
ground for stabilization. These cages remained over both the experimental and 
control trees for the duration of the experiment. From each clonal pair, one tree was 
chosen at random to be the experimental tree. A gravid female or mated pair of 
cottonwood leaf beetles was placed within a sleeve cage (13 cm dia. x 38 cm) made 
out of 18-mesh polyester screening on a growing tree terminal. The adult(s) and 
sleeve cages were removed after oviposition had occurred. Eggs were allowed to 
hatch, and the cohorts were culled (using a forceps and/or metal probe) to 15 larvae 
per terminal. Larvae were allowed to develop to pupation on the tree, at which point 
pupae were removed. 
All successive trials were performed north of the Upper Reactor site at the 
Lower Reactor research site. This was primarily an alluvial floodplain of Squaw 
Creek. The Hanlon-Spillville loamy soil was well suited for Popu/us, as it was close 
to the water table and maintained a high moisture content. Previous ground cover 
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(alfalfa) was killed in the fall of 1997 by an application of Roundup®. The field plot 
was 24.4 m x 32.9 m. Row width was 3.1 m with trees planted at 1.2 m intervals. 
Weeds were controlled on this site throughout the growing season by disking, 
mowing, and hand weeding. Rooted hardwood cuttings were transplanted from the 
greenhouse to the field in May 1998. Clones were arranged in a randomized 
complete block. Each block consisted of three trees per clone (one experimental 
tree, one control, and one extra tree in case something happened to either of the 
others.). Two rows of 'Eugenei' trees were used as border trees. 
Cages were installed over both the experimental and control trees in July 
1998 as in generation 2, 1998. Sleeve cages (20 cm dia. x 50 cm) were placed on 
a growing terminal on the tree and remained there for the duration of the 
generation. They were moved apically on the terminal as needed to provide foliage 
for feeding larvae. A gravid female or a mated pair of beetles was placed within 
each sleeve cage. The adult(s) were removed after oviposition. Eggs were allowed 
to hatch, and the cohorts were culled (using a forceps and/or metal probe) to 10 
insects per terminal. Insects were allowed to feed until pupation, at which point the 
pupae were removed. 
Trees at the Lower Reactor site were pruned during winter dormancy to 
facilitate their fit inside the mesh cages, and were sprayed with TreeGuard® deer 
repellent (Nortech Forest Technologies Inc., St. Louis Park, MN) in November 1998 
to discourage deer from eating the buds. The area around the base of each tree 
was sprayed prior to budbreak in April 1999 with Roundup®, Goal® (Rohm and Haas 
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Company, Philadelphia, PA), and Pendulum® (American Cyanamid Company, 
Wayne, NJ) for weed control. Care was taken to avoid herbicide contact with the 
trees. 
Only in the spring of 1999, when one of the trees used in the 1998 third 
generation was dead, was an extra tree used. Experimental and control trees were 
not changed after the first generation of 1999, as any trees not caged suffered 
extensive C. scripta feeding damage over the course of the summer. 
Chemical extractions. Approximately 1 week after pupae were removed, 10-12 
leaves (LPI 3-4) were collected from both control and infested trees for leaf surface 
chemical analysis. LPI 5 leaves were used if sufficient LPI 3-4 material was 
unavailable. These leaves were used because they have been shown to be the 
most preferred for adult C. scripta feeding (Bingaman and Hart 1992). Hand contact 
with the leaf surface was avoided by picking leaves at the petiole. Leaves were 
placed in paper bags, cooled on ice, and transported to the laboratory. The 
procedure from Lin et al. (1998b) was used for the chemical extraction. We 
deviated from the procedure in that hexane rather than chloroform was used as a 
solvent for the leaf residues. After leaf extraction, samples were dried under 
nitrogen gas and concentrated 10 times before 1 µI was injected into the gas 
chromatograph. 
Preparation of synthetic alpha-tocophery/quinone (a-TQ). The original method of 
lssidorides (1951) was followed. Minor changes were made in chemical amounts 
and procedure. In this synthesis, 25 g {±)-a-tocopherol (vitamin E) (Sigma) was 
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added to 515 ml glacial acetic acid (Sigma) and dissolved in a 1000 ml round-
bottom flask with a stirring rod. A diphenylamine indicator was added (27.4 g), 
turning the mixture a deep, reddish-brown color. Lead tetraacetate was added until 
the fluid turned a deep green color. Adding 800 ml deionized water neutralized the 
oxidation reaction and turned the fluid a pea soup color. A brown film appeared on 
the top of the liquid. Hexane (800 ml) was added to this layer. Sodium 
bicarbonate (5%) was added, and the top layer was extracted 5 times. The 
reaction was dried with sodium sulfate, and filtered through Whatmans No. 1 filter 
paper. Hexane was evaporated in a rotary evaporator at 45°C, 27 psi conditions. 
Preparative thin-layer chromatography (Weng & Gordon 1993) was used to obtain 
purified a-TQ. 
Preparation of standards. n-Beheryl alcohol (C22), n-lignoceryl alcohol (C24), n-
hexacosanol (C26), n-octacosanol (C28), and n-triacontanol (C30) (Sigma-Aldrich 
Co., St. Louis, MO)and a-TQ [2-(3-hydroxy-3,7,11,15-tetramethyl-hexadecyl)-
3,5,6-trimethyl-2,5-cyclohexadiene-1,4-dione] were used as standards (Lin et al. 
1998a). A solution containing the internal standard and all six reference 
compounds at a concentration of 500 ng/µI per standard was injected into the gas 
chromatograph daily when samples were injected. The known standard peaks 
were used to identify sample peaks. Internal standard peak areas of known 
concentration were used to calculate the amount of chemical present within each 
sample. 
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Statistical analysis. For each generation, total alcohol and a-TQ concentrations 
and alcohol:a-TQ ratios were analyzed using the General Linear Model procedure 
(SAS Institute 1998). Treatment means were analyzed using the Least Squared 
Difference t-test (SAS Institute 1998). Generation 3 of 1998 and 1999, and 
generations 1-3, 1999 were analyzed to determine if any differences occurred 
among clone or larval treatment as a result of the individual growing seasons. 
Clonal differences may be very small, possibly caused by the conditions of field 
research. Even in small plots, variations in soil, microclimate, and moisture exist. 
For these reasons, we use P s 0.10 as our significance parameter. 
Results 
Defoliation effects. Total alcohol amount, a-TQ amount, and total alcohol:a-TQ ratio 
varied greatly within and among generations (Table 2). Larval feeding did not have 
a significant effect on a-TQ production (df = 1, 32; F = 0.25; P = 0.617) in 
generation 2, 1998, yet it seemed to have induced clone 1162 to produce 
significantly more a-TQ on the leaf surface (t = 1.78; df = 12; P < 0.10). There were 
no significant differences among larval treatment in generation 3, 1998 in total 
alcohol (df = 1, 23; F = 2.26; P = 0.146), a-TQ (df = 1, 23; F = 1.42; P = 0.245), or 
chemical ratio (df= 1, 13; F= 0.43; P= 0.523). Larval feeding seemed to have 
caused the alcohol:a-TQ ratio on clone 53-242 to be significantly lower than the 
control in generation 1, 1999 (df = 15; t = 5.05; P < 0.001), yet ANOVA differences 
were not evident (df = 1, 55; F = 0.0; P = 0.997). Also, ratios in infested larval 
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treatments were higher in generation 2, 199~ (F = 4.66; df = 1, 38; P = 0.037). 
Generation 3, 1999 total a-TQ amounts were not significantly different (F = 0.29; df 
= 1, 27; P = 0.598), yet were higher in the infested trees in clones 53-246 (t = 1. 76; 
df = 14; P < 0.06) and 1073 (t = 1. 76; df = 14; P < 0.10) compared with their 
respective clonal control. Larval feeding did not have a significant effect on the 
amount of a-TQ present when between-season comparisons were made (F = 0.00; 
df = 1, 58; P = 0.993). Larval C. scripta feeding did cause overall chemical ratios to 
increase significantly throughout the 1999 growing season (F = 11.0; df = 1, 106; P 
= 0.001) (Figure 2). 
Clonal effects. Chemical differences among clones varied greatly throughout the 
duration of the study. There were no significant differences in leaf surface 
chemistry among clones in generations 2 or 3, 1998. Unusually high chemical 
amounts were obtained for generation 1, 1999, particularly in clone ILL-129. 
Significant differences occurred among clones in total alcohol content (F = 2.05; df 
= 7, 55; P < 0.07), total a-TQ (F = 2.23; df = 7, 55; P < 0.05), and ratio (F = 18.71; df 
= .7, 44; P < 0.001). The parent clones and clone 1140 had the highest amounts of 
leaf surface alcohols, whereas clones 53-246 and 1162 had the lowest amounts 
present (Table 2). With the exception of clone 93-968, clones with higher alcohol 
amounts had greater Aigeiros parentage, and clones with lower alcohol amounts 
had greater Tacamahaca parentage. Clones ILL-129 and 1140, both with all or 
>50% Aigeiros parentage, had the highest a-TQ amounts, and the clones with the 
lowest amounts (1073 and 1162) both had high amounts of Tacamahaca parentage. 
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Total alcohol content (F = 2.18; df = 7, 50; P < 0.05) and a-TQ content (F = 4.92; df 
= 7, 50; P < 0.001) differed among clone in generation 2, 1999. Both parent clones 
had high amounts of alcohols present, whereas the high (ILL-129) and low (93-968) 
a-TQ amounts also were on the parent clones. Significant total alcohol differences 
occurred among clone in generation 3, 1999 (F = 3.18; df = 7, 27; P < 0.02), a-TQ 
(F= 3.68; df= 7, 27; P< 0.01), and ratio (F= 8.68; df = 7, 12; P< 0.001). Clone 
1162 had the highest leaf surface alcohol amounts present, whereas the F2s had 
the lowest amounts recorded. Clone had a significant effect on total leaf surface 
alcohol amounts (F = 2.81; df = 7, 58; P = 0.014) and total a-TQ present on the leaf 
surface (F = 4.33; df = 7, 58; P <0.001) between the 1998 and 1999 generation 3. 
(Figure 1). Total alcohol amount (F = 2.34; df = 7, 144; P = 0.027), leaf surface a-
TQ (F = 2.38; df = 7, 144; P = 0.025), and ratio (F = 27.85; df = 7, 106; P < 0.001) 
differed significantly among clones throughout the 1999 growing season. 
Season effects. Generation 3 data showed that total leaf surface alcohol amounts 
did not differ significantly between the 1998 and 1999 growing season (F = 0.6; df = 
1, 58; P = 0.44). Total a-TQ present on the leaf surface differed significantly 
between the 1998 and 1999 growing seasons (F = 6.5; df = 1, 58; P = 0.013) 
(Figure 1 }. Alcohol:a-TQ ratios were significantly higher in 1998 generation 3 (F = 
5.36; df = 1, 34; P = 0.027) compared with the 1999 generation 3. Total alcohol 
content (F = 3.05; df = 2, 144; P = 0.05) and chemical ratio (F = 18.38; df = 2, 106; 
P < 0.001) were significantly higher in generation 1, 1999, compared with 
generations 2 and 3, 1999. a-TQ also was higher in generation 1, 1999, although 
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not significantly (F = 1.89; df = 2, 144; P = 0.155). Chemical ratio showed a 
significant interaction among clone, larval defoliation, and season during the 1999 
growing season (F = 3.63; df = 33, 106; P > 0.001 ). Significant interaction between 
these three factors was not present in any other analysis. 
Discussion 
Phytophagous insects use visual, tactile, or chemical cues, or a combination 
thereof to locate suitable host plants (Finch 1980, Prokopy and Owens 1983, 
Chapman and Bernays 1989, Mitchell 1994, Derridj et al. 1996). Once on the host 
plant leaf surface, chemicals often stimulate insect feeding. For example, sucrose 
and a suite of other chemicals induced feeding in the chrysomelid beetle 
Leptinotarsa decemlineata (Say) (Hsiao and Fraenkel 1968, Hough-Goldstein et al. 
1991). Chemical fractions in the leaf wax stimulated several chrysomelid beetles to 
feed in a study by Adati and Matsuda (1993). Matsuda and Matsuo (1985) and 
Kolehmainen et al. (1995) showed the phagostimulant properties of several 
. phenolic glycosides common to plants in the Salicaceae. Adult Chrysomela 
vigintipunctata costella (Marsuel) were stimulated to feed by the presence of salicin 
and populin, two phenolic glycosides found within the leaves of Popu/us (Matsuda 
and Matsuo 1985). Chemicals on the leaf surface of Popu/us stimulated adult C. 
scripta feeding (Lin et al. 1998a); these phagostimulant concentrations were 
examined in field-grown Popu/us by Lin et al. (1998b). 
Four of the clones used by Lin et al. (1998b) were used in our study: ILL-
129, 93-968, 53-242, and 53-246. We found total alcohol amounts to be either 
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much lower or much higher than those reported previously. a-TQ amounts in most 
generations paralleled those of Lin et al. (1998b), however, ILL-129 amounts in 
generation 1, 1998 were much higher. With the exception of clone 93-968, lower 
total alcohol amounts accounted for lower alcohol:a-TQ ratios as well. 
We did not estimate percent defoliation per tree at the time of each analysis, 
as individual trees were of varying size. Also, amount of leaf tissue changed 
throughout the growing season, as every incidence of cutting back was not 
uniform. Trees in generation 2, 1998 had 15 larvae per terminal; this may have 
increased defoliation intensity on these trees; however, tree size again is a factor. 
Considering this, it is difficult to predict what would have happened if more or less 
defoliation had occurred prior to leaf analysis, as it would have varied with each 
individual tree. Yet, a higher defoliation percentage may have induced more 
chemical changes in the remaining leaves. 
Several abiotic factors may have influenced our results. Boecklen et al. 
(1990) showed that several foliar chemicals in willow varied significantly between 
years. The work by Lin et al. (1998b) was completed in 1994; this may explain 
some of the differences between our studies. Our study showed significantly 
different chemical amounts in generation 3 of 1998 and 1999. Temperature also 
can induce changes in woody plant chemistry (Kozlowski et al. 1991 ). Plants at the 
Lower Reactor site experienced temperatures ranging from 5 to 30°C during the 
1998 and 1999 growing seasons. Furthermore, soil may differ within a plot in 
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composition, nutrient value, and filtration rates. Soil nutrient content has been 
shown to affect foliar chemical concentrations (Nichols-Orians 1991). 
Within the Salicaceae, prior studies have shown differences in foliar 
chemistry among Salix sericea Marshall clones (Nichols-Orians et al. 1993) as well 
as Populus tremuloides Michx. clones (Dickson and Larson 1976, Lindroth and 
Hwang 1996a, Hwang and Lindroth 1997, McDonald et al. 1999). Our study found 
significant variations among both species and hybrids in Populus leaf surface 
chemistry. This agrees with previous studies that evaluated Populus species and 
clones (Dickson and Larson 1976, Bingaman and Hart 1993, Whitham et al. 1996, 
Augustin et al. 1997, Lin et al. 1998b). 
Our study showed a higher a-TQ amount in generation 3, 1999. 
Furthermore, assuming that the exceptionally high a-TQ values in generation 1, 
1999 are abnormal, a-TQ levels in generations 3 of 1998, and 2 and 3 of 1999 
increase. This may indicate that a-TQ also functions as an age indicator. a-
Tocopherol, an analog of a-TQ, has shown this function in grasses, legumes, and 
conifers (Franzen et al. 1991, Tramontano et al. 1992, 1993). 
Seasonal decline in phenolic glycoside content of Populus spp. leaves has 
been reported previously (Palo 1984, Lindroth et al. 1987). We found a seasonal 
decline in leaf surface alcohol amounts. Both chemical amounts were highest in 
generation 1, yet unlike a-TQ, total alcohol amount declined throughout the season 
on most clones evaluated (Table 2). 
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Defoliation has been shown to influence plants both morphologically (Pysek 
1992, Zvereva et al. 1998) and chemically (Ravenscroft 1994). Foliar chemistry is 
often influenced by herbivory; this is well documented in Populus spp. (Clausen et 
al. 1989, Picard et al. 1994, Whitham et al. 1996, Robison and Raffa 1997, 
Lindroth and Kinney 1998, Roth et al. 1998, McDonald et al. 1999). We 
hypothesized that larval C. scripta defoliation would induce Populus spp. and 
hybrids to decrease production of leaf surface phagostimulants, thus making the 
tree less desirable for subsequent C. scripta defoliation. With few exceptions, this 
hypothesis was rejected. Larval feeding induced few changes in Populus leaf 
surface chemistry in our study. 
In natural systems, herbivore pressure most likely causes chemical changes 
among individuals of a plant species; sometimes these changes can take years 
(Berenbaum 1995). However, with the recent advances in genetic breeding and 
molecular techniques, Populus clones and hybrids with undesirable amounts of leaf 
surface phagostimulants potentially could be produced and employed in short-
rotation woody crop systems. Host-plant resistance mechanisms for management 
of the cottonwood leaf beetle could then be incorporated into an 1PM plan for 
plantation Populus. 
Acknowledgements 
We thank Luke Ouverson, Danielle Slattery, Ty Kirk, Seth Holstein, John Byrd, 
and Christine Hall for technical assistance and Daniel Nordman for statistical 
83 
counseling. Thanks to Justin Grodnitzky for assisting in the preparation of synthetic 
alpha-TQ. Special thanks to Thomas Baker, Joel Coats, and Russel Jurenka for the 
use of their laboratory facilities and sharing their expertise. Research sponsored in 
part by the Bioenergy Feedstock Development Program of the U.S. Department of 
Energy under contract DE-AC05-00OR22725 with University of Tennessee-Battelle 
LLC. 
Literature Cited 
Adati, T. and K. Matsuda. 1993. Feeding stimulants for various leaf beetles 
(Coleoptera: Chrysomelidae) in the leaf surface wax of their hosts. Appl. 
Entomol. Zool. 28: 319-324. 
Augustin, S., M. R. Wagner, J. Chenault, and K. M. Clancy. 1997. Influence of 
pulp and paper mill wastewater in Chrysomela scripta (Coleoptera: 
Chrysomelidae) performance and Popu/us plant traits. Environ. Entomol. 
26: 1327-1335. 
Barbosa, P. and D. Letourneau, eds. 1988. Novel Aspects of Insect-Plant 
Interactions. John Wiley and Sons, New York. 362 pp. 
Berenbaum, M. R. 1995. Turnabout is fair play: secondary roles for primary 
compounds. J. Chem. Ecol. 21: 925-940. 
Bingaman, B. R. and E. R. Hart. 1992. Feeding and oviposition preferences of 
adult cottonwood leaf beetles (Coleoptera: Chrysomelidae) among Populus 
clones and leaf age classes. Environ. Entomol. 21: 508-517. 
84 
1993. Clonal and leaf age-variation in Populus phenolic glycosides: 
implications for host selection by Chrysomela scripta (Coleoptera: 
Chrysomelidae). Environ. Entomol. 22: 397-403. 
Boecklen, W. J., P. W. Price, and S. Mopper. 1990. Sex and drugs and 
herbivores: sex-based herbivory in arroyo willow (Salix lasiolepis). Ecology 
71: 581-588. 
Burkot, T. R. and D. M. Benjamin. 1979. The biology and ecology of the 
cottonwood leaf beetle, Chrysomela scripta (Coleoptera: Chrysomelidae), 
on tissue cultured hybrid Aigeiros (Populus x Euramericana) subclones in 
Wisconsin. Can. Entomol. 111: 551-556. 
Caldbeck, E. S., H. S. McNabb, Jr., and E. R. Hart. 1978. Poplar clonal 
preferences of the cottonwood leaf beetle. J. Econ. Entomol. 71: 518-520. 
Chapman, R. F. and E. A Bernays. 1989. Insect behavior at the leaf surface and 
learning as aspects of host plant selection. Experientia 45: 215-222. 
Clausen, T. P., P. B. Reichardt, J.P. Bryant, R. A Werner, K. Post, and K. Frisby. 
1989. Chemical model for short-term induction in quaking aspen (Populus 
tremuloides) foliage against herbivores. J. Chem. Ecol. 15: 2335-2346. 
Derridj, S., B. R. Wu, L. Stammitti, J.P. Garrec, and A Derrien. 1996. Chemicals 
on the leaf surface, information about the plant available to insects. 
Entomol. Exp. Appl. 80: 197-201. 
Dickmann, D. I., and K. W. Stuart. 1983. The Culture of Poplars in Eastern North 
America. Michigan State University, East Lansing, Michigan. 168 pp. 
85 
Dickson, R. E. and P.R. Larson. 1976. Leaf chemical composition of twenty-one 
Populus hybrid clones grown under intensive culture. Pp. 20-29. In: Proc. 
Tenth Cent. States For. Tree lmprov. Conf. 22-23 September 1976, West 
Lafayette, IN. 
Finch, S. 1980. Chemical attraction of plant-feeding insects to plants. Appl. Biol. 5: 
67-143. 
Finet, Y., J.M. Pasteels, and J. Deligne. 1983. A study of poplar resistance to 
Phyl/odecta vitellinae L. (Col., Chrysomelidae). 3. Field experiments. J. Appl. 
Ent. 95: 122-133. 
Food and Agriculture Organization of the United Nations. 1980. Poplars and Willows 
in Wood Production and Land Use. FAQ Forestry Series No. 10, 328 pp. 
Franzen, J., D. Glatzle, J. Bausch, and E. Wagner. 1991. Age dependent 
accumulation of vitamin E in spruce needles. Phytochemistry 30: 2147-2150. 
Harrell, M. 0., D. M. Benjamin, J. G. Berbee, and T. R. Burkot. 1981. Evaluation 
of adult cottonwood leaf beetle, Chrysomela scripta (Coleoptera: 
Chrysomelidae), feeding preference for hybrid poplars. Great Lakes 
Entomol. 14: 181-184. 
Haugen, D. A. 1985. Oviposition preference of the cottonwood leaf beetle, 
Chrysome/a scripta F., on poplar clones, Populus spp. Ph.D .. dissertation, 
Iowa State University, Ames. 
86 
Head, R. B. and W.W. Neel. 1973. The cottonwood leaf beetle: observations of 
the biology and reproductive potential in Mississippi. J. Econ. Entomol. 66: 
1327-1328. 
Hough-Goldstein, J., A. M. Tisler, G. W. Zehnder, and K. A. Uyeda. 1991. 
Colorado potato beetle (Coleoptera: Chrysomelidae) consumption of foliage 
treated with Bacillus thuringiensis var. san diego and various feeding 
stimulants. J. Econ. Entomol. 84: 87-93. 
Hsiao, T. H. and G. Fraenkel. 1968. The influence of nutrient chemicals on the 
feeding behavior of the Colorado potato beetle, Leptinotarsa decemlineata 
(Coleoptera: Chrysomelidae). Ann. Entomol. Soc. Am. 61: 44-54. 
Hwang, S. -Y. and R. L. Lindroth. 1997. Clonal variation in foliar chemistry of 
aspen: effects on gypsy moths and forest tent caterpillars. Oecologia 111: 
99-108. 
lssidorides, A. 1951. The antioxygenic synergism of various acids with a-
tocopherol. J. Am. Chem. Soc. 73: 5146-5148. 
Jolivet, P. 1998. Interrelationship Between Insects and Plants. CRC Press, New 
York. 309 pp. 
Kalischuk, A. R., L.A. Gorn, K. D. Floate, and S. B. Rod. 1997. lntersectional 
cottonwood hybrids are particularly susceptible to the poplar gall mite. Can. 
J. Bot. 75: 1349-1355. 
Klopfenstein, N. B., Y. W. Chun, M. -S. Kim, and M. R. Ahuja, eds. Di'llon, M. C., R. 
C. Carman and L. G. Eskew, tech. eds. 1997. Micropropagation, Genetic 
87 
Engineering, and Molecular Biology of Popu/us. Gen. Tech. Rep. RM-GTR-
297. Fort Collins, CO: U.S. Department of Agriculture, Forest Service, 
Rocky Mountain Research Station. 326 pp. 
Kolehmainen, J., R. Julkunen-Titto, H. Roininen, and J. Tahvanainen. 1995. 
Phenolic glucosides as feeding cues for willow-feeding leaf beetles. 
Entomol. Exp. Appl. 7 4: 235-243. 
Kozlowski, T. T., P. J. Kramer, and S. G. Pallardy. 1991. The Physiological 
Ecology of Woody Plants. Academic Press, Inc., New York. 655 pp. 
Larson, P.R. and J. G. lsebrands. 1971. The plastochron index as applied to 
developmental studies of cottonwood. Can. J. For. Res. 1: 1-11. 
Lin, S., 8. F. Binder, and E. R. Hart. 1998a. Insect feeding stimulants from the leaf 
surface of Popu/us. J. Chem. Ecol. 24: 1781-1790. 
-.- 1998b. Chemical ecology of cottonwood leaf beetle adult feeding preferences on 
Populus. J. Chem. Ecol. 24: 1791-1802. 
Lindroth, R. L. and S. -Y. Hwang. 1996a. Clonal variation in foliar chemistry of 
quaking aspen (Populus tremuloides Michx.). Biochem. Sys. Ecol. 24: 357-
364. 
1996b. Diversity, redundancy, and multiplicity in chemical defense systems of 
aspen. Pgs. 26-56. In Romeo et al. Eds. Phytochemical Diversity and 
Redundancy in Ecological Interactions. Plenum Press, New York. 
88 
Lindroth, R. L. and K. K. Kinney. 1998. Consequences of enriched atmospheric CO2 
and defoliation for foliar chemistry and gypsy moth performance. J. Chem. Ecol. 
24: 1677-1695. 
Lindroth, R. L., M. T. S. Hsia, and J.M. Scriber. 1987. Seasonal patterns in the 
phytochemistry of three Populus species. Biochem. Syst. Ecol. 15: 681-686. 
Markovic, I., J. 0. Haanstad, and D. M. Norris. 1993. Chemical correlates of a-
tocopherol (vitamin E) altered Malacosoma disstria herbivory in Fraxinus 
pennsy/vanica var. subintegerrinia, green ash. J. Chem. Ecol. 19: 1205-1217. 
Matsuda, K. and H. Matsuo. 1985. A flavonoid, luteolin-7-glucoside, as well as salicin 
and populin, stimulating the feeding of leaf beetles attacking salicaceous plants. 
Appl. Entomol. Zool. 20: 305-313. 
McDonald, E. P., J. AgreU, and R. L. Lindroth. 1999. CO2 and light effects on 
deciduous trees: growth, foliar chemistry, and insect performance. Oecologia 
119: 389-399. 
Mitchell, B. K. 1994. The chemosensory basis of host-plant recognition in 
Chrysomelidae. Pp. 141-151. In: P.H. Jolivet, M. L. Cox, and E. Petitpierre 
(eds.). Novel Aspects of the Biology of Chrysomelidae. Kluwer Academic 
Publishers, Dordrecht, Netherlands. 
Neupane, F. P. and D. M. Norris. 1991. a-Tocopherol alteration of soybean 
antiherbivory to Trichoplusia nilarvae. J. Chem. Ecol. 17: 1941-1951. 
N.ichols-Orians, C. M. 1991. Environmentally induced differences in plant traits: 
consequences for susceptibility to a leaf-cutter ant. Ecology 72: 1609-1623. 
89 
Nichols-0rians, C. M., R. S. Fritz, and T. P. Clausen. 1993. The genetic basis for 
variation in the concentration of phenolic glycosides in Salix sericea: clonal 
variation and sex-based differences. Biochem. Sys. Ecol. 21: 535-542. 
0stry, M. E. and H. S. McNabb, Jr. 1985. Susceptibility of Populus species and 
hybrids to disease in the north central United States. Plant Disease 69: 755-
757. 
1990. Minimizing disease injury to hybrid poplars. J. Environ. Hort. 8: 96-98. 
Palo, R. T. 1984. Distribution of birch (Betula spp.), willow (Sa/ix spp.), and poplar 
(Populus spp.) secondary metabolites and their potential role as chemical 
defense against herbivores. J. Chem. Ecol. 10: 499-520. 
Picard, S., J. Chenault, and S. Augustin. 1994. Short time induction defense of a 
Leuce poplar clone (P. tremula x P. tremuloides) against Chrysomela tremulae -
propagation and evolution. Acta Hortic. 381: 540-543. 
Prokopy, R. J. and E. D. Owens. 1983. Visual detection of plants by herbivorous 
insects. Ann. Rev. Entomol. 28: 337-364. 
Pysek, P. 1992. Seasonal changes in response of Senecio ovatus to grazing by the 
chrysomelid beetle Chrysomela speciosissima. 0ecologia 91: 596-602. 
Raffa, K. F. 1989. Genetic engineering of trees to enhance resistance to insects. 
Bioscience 39: 524-534. 
Ravenscroft, N. 0. M. 1994. The feeding behaviour of Cartercephalus palaemon 
(Lepidoptera: Hesperiidae) caterpillars: does it avoid host defences or 
maximize nutrient intake? Ecol. Entomol. 19: 26-30. 
90 
Robison, D. J. and K. F. Raffa. 1997. Effects of constitutive and inducible traits of 
hybrid poplars on forest tent caterpillar feeding and population ecology. For. 
Sci. 43: 252-267. 
Roth, S., R. L. Lindroth, J. C. Volin, and E. L. Kruger. 1998. Enriched atmospheric 
CO2 and defoliation: effects on tree chemistry and insect performance. 
Global Change Biology 4: 419-430. 
Tramontano, W. A., D. Ganci, M. Pennino, and E. S. Dierenfeld. 1992. Age 
dependent alpha-tocopherol concentrations in leaves of soybean and pinto 
beans. Phytochemistry 31: 3349-3351. 
--. 1993, Distribution of alpha-tocopherol in early foliage samples in several 
forage crops. Phytochemistry 34: 389-390. 
Weng, X. C. & M. H. Gordon. 1993 .. Antioxidant synergy between phosphatidyl 
ethanolamine and a-tocopherylquinone. Food Chemistry 48: 165-168. 
Whitham, T. G., K. D. Floate, G.D. Martinsen, E. M. Driebe, and P. Keim. 1996. 
Ecological and evolutionary implications of hybridization: Populus-herbivore 
interactions. Pp. 247-275. In Biology of Populus and its Implications for 
Management and Conservation. R. F. Stettler, H. D. Bradshaw, Jr., P. E. 
Heilman, and T. M. Hinckley, eds. NRC Research Press, National Research 
Council Canada, Ottawa, ON. 
91 
Zsuffa, L., L. Sennerby-Forse, H. Weisgerber, and R. B. Hall. · 1993. Strategies for 
clonal forestry with poplars, aspens, and willows. Clonal Forestry II, 
Conservation and Application. M. R. Ahuja and W. J. Libby, Eds. Springer-
Verlag, Berlin, Heidelberg. 
Zvereva, E. L., M. V. Kozlov, and P. Niemela. 1998. Effects of leaf pubescence in 
Salix borealis on host-plant choice and feeding behaviour of the leaf beetle, 
Melasoma lapponica. Entomol. Exp. Appl. 89: 297-303. 
Table 1. Popu/us clones used in C. scripta leaf surface chemistry study. 
Sectional 
Clone Generation Source Composition (%)8 
ILL-129 Parent Pure P. deltoides of southern Illinois origin 100A 
93-968 Parent Pure P. trichocarpa originating in the Pacific Northwest 100T 
53-242 F1 P. deltoides x P. trichocarpa hybrid 50A; SOT 
53-246 F1 P. deltoides x P. trichocarpa hybrid 50A; SOT 
1130 F2 Offspring of 53-242 x 53-246 64A; 36 T 
c.o 
1140 F2 Offspring of 53-242 x 53-246 51 A; 49 T I'\) 
1073 F2 Offspring of 53-242 x 53-246 35A; 65 T 
1162 F2 Offspring of 53-242 x 53-246 34A; 66 T 
a A denotes Aigeiros; T denotes Tacamahaca 
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Table 2. Leaf surface chemical amounts (mean± SE) for all five generations 
completed during the summers of 1998 and 1999. 
A. Generation 2, 19988 
Total alcohols Total a-TQ Ratio 
Clone Larvaec nd (ng/cm2) (ng/cm2) ne [OH:a-TQ] 
ILL-129 0 5 237 .3 ± 113.1 6.03 ± 3.49 5 42.9 ± 16.2 
1 5 156.0 ± 78.0 4.32 ±4.79 4 48.3 ± 28.7 
93-968 0 4 466.8 ± 588.2 1.15 ± 0.99 3 302.2 ± 252.3 
1 4 108.1 ± 31.2 0.60 ± 0.45 4 420.5 ± 540.1 
53-242 0 1 53.7 2.26 1 23.7 
1 0 0 
53-246 0 5 71.9 ± 46.0 1.44 ± 2.29 3 66.6 ± 50.4 
1 3 49.4 ± 8.7 0.77 ± 1.33 1 20.2 
1130 0 4 161.9 ± 124.3 2.60 ± 1.28 4 119.3 ± 175.6 
1 3 39.1 ± 35.2 0.31 ± 0.46 2 37.7 ± 18.0 
1140 0 3 27.0 ± 19.8 3.32 ± 3.32 3 89.8 ± 143.0 
1 3 39.2 ± 26.6 4.45 ± 4.46 3 170,7 ± 279.3 
1162 0 4 97.4 ± 104.7 0.86 ± 1.12 3 122.5 ± 42.1 
1 5 1448.7 ± 3140.1 311.55 ± 696.6 2 32.8 ± 39.9 
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Table 2. Continued. 
B. Generation 3, 1998° 
Total alcohols Total a-TQ Ratio 
Clone Larvaec nd (ng/cm2) (ng/cm2) ne [OH:a-TQ] 
ILL-129 0 1 843.9 0.76 1 1110.2 
1 2 204.9 ± 106.3 5.28 ± 4.60 2 48.34 ± 21.9 
93-968 0 3 209.8 ± 107.6 0.63 ± 0.89 2 309.35 ± 163.9 
1 4 220.4 ± 155.2 0.68 ± 0.53 3 264.11 ± 78.1 
53-242 0 3 139.8 ± 125.6 4.71 ± 7.68 2 62.59 ± 58.9 
1 5 88.2 ± 64.5 3.65 ± 6.38 4 44.27 ± 31.0 
53-246 0 3 511.3 ± 640.2 1.89 ± 0.70 3 297.05 ± 374.5 
1 4 189.6 ± 135.1 1.60 ± 2.15 3 958.11 ± 1577.4 
1130 0 2 281.6 ± 45.7 0.00 ± 0.00 0 0.00 ± 0.0 
1 4 229.7 ± 123.3 1.66 ± 2.37 2 55.87 ± 26.7 
1140 0 2 354.6 ± 306.5 6.73 ± 3.23 2 47.24 ± 22.9 
1 3 275.4 ± 312.2 3.02 ± 5.22 2 1020.67 ± 1420.5 
1073 0 2 239.2 ± 78.8 6.60 ± 2.39 2 36.50 ± 1.3 
1 2 825.9 ± 816.4 7.20 ±4.03 2 98.36 ± 58.3 
1162 0 2 155.2±19.1 2.18 ± 3.01 2 1553.08 ± 2140.9 
1 0 0 
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Table 2. Continued. 
C. Generation 1, 199915 
Total alcohols Total a-TQ Ratio 
Clone Larvaec nd (ng/cm2) (ng/cm2) ne [OH:a-TQ] 
ILL-129 0 4 5967.7 ± 10730.0 325.02 ± 706.26 4 26.73 ± 18.4 
1 5 4025.9 ± 7831.7 201.30 ± 435.68 5 109.72 ± 172.3 
93-968 0 5 389.5 ± 282.5 1.02 ± 1.30 3 271.60 ± 43.6 
1 5 1827.5 ± 3242.8 1.84 ± 2.72. 4 669.47 ± 330.5 
53-242 0 5 106.4 ± 96.5 1.94 ± 2.30 4 42.61 ± 6.4 
1 5 101.8 ± 44.2 1.59 ± 1.52 4 71.21 ± 28.7 
53-246 0 5 73.2 ± 39.4 1.56 ± 1.71 4 66.94 ± 32.4 
1 5 89.2 ± 76.8 1.13 ± 1.00 5 89.23 ±46.0 
1130 0 3 349.7 ± 180.7 3.25 ± 2.58 3 128.96 ± 50.0 
1 5 99.0 ± 87.4 1.34 ± 1.68 4 59.87 ± 27.8 
1140 0 4 1985.6 ± 3860.6 61.34 ± 119.77 4 37.35 ± 3.6 
1 5 3224.0 ± 6210.9 54.61 ± 115.75 4 29.39 ± 16.9 
1073 0 4 225.5 ± 66.5 3.83 ± 2.98 3 42.31 ± 2.4 
1 5 137.4 ± 98.4 2.71 ± 2.45 4 41.66 ± 5.4 
1162 0 5 65.9 ± 30.3 1.12 ± 0.95 4 43.43 ± 16.4 
1 5 99.7 ± 84.7 3.71 ± 2.42 5 29.85 ± 22.4 
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Table 2. Continued. 
D. Generation 2, 19996 
Total alcohols Total a-TQ Ratio 
Clone Larvaec nd (ng/cm2) (ng/cm2) ne [OH:a-TQ] 
ILL-129 0 5 465.3 ± 406.7 13.61 ± 11.68 5 40.70 ± 18.5 
1 5 522.8 ± 354.9 10.67 ± 4.12 5 46.36 ± 20.7 
93-968 0 5 788.3 ± 1442.3 0.50 ± 0.68 2 51.88 ± 6.1 
1 5 627.7 ± 1010.4 0.00 ± 0.00 0 A 
53-242 0 5 54.3 ± 37.8 2.60 ± 1.84 5 22.34 ± 7.9 
1 5 209.4 ± 244.0 7.72 ± 8.95 5 33.59 ± 15.3 
53-246 ·O 4 60.9 ± 51.4 1.21 ± 0.94 3 22.38 ± 1.8 
1 3 89.0± 56.2 1.42 ± 0.32 3 59.64 ± 26.3 
1'130 0 4 109.8 ± 84.4 4.09 ± 3.32 4 36.85 ± 19.3 
1 5 88.7 ± 76.1 2.94 ± 2.55 5 46.49 ± 31.8 
1140 0 4 56.6 ± 11.2 2.51 ± 1.08 4 28.44 ± 20.8 
1 2 51.9 ± 24.1 1.81 ± 0.78 2 28.48 ± 1.1 
1073 0 4 200.5 ± 188.8 2.52 ± 4.07 2 66.27 ± 17.2 
1 4 254.4 ± 24 7 .6 1.69 ± 2.15 2 88.54 ± 70.0 
1162 0 5 86.1 ± 62.8 6.48 ± 8.55 5 20.94 ± 10.3 
1 5 96.9 ± 64.7 4.18 ± 3.93 5 46.45 ± 51.4 
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Table 2. Continued. 
E. Generation 3, 19996 
Total alcohols Total a-TQ Ratio 
Clone Larvaec nd (ng/cm2) (ng/cm2) ne [OH:a-TQ] 
ILL-129 0 3 549.3 ± 600.1 19.60 ± 19.71 3 22.87 ± 9.9 
1 0 0 
93-968 0 5 321.8 ± 219.7 0.82 ± 1.84 1 158.9 
1 3 154.3 ± 37.8 0.00 ± 0.00 3 a 
53-242 0 3 79.3 ±44.6 2.11 ± 2.26 2 24.42 ± 5.3 
1 1 66.7 1.62 1 41.2 
53-246 0 3 58.0 ± 23.4 2.82 ± 3.76 2 21.41 ± 13.3 
1 3 35.2 ± 4.3 0.62 ± 0.54 2 35.46 ± 2.9 
1130 0 4 433..4 ± 289 .8 11.84 ± 8.87 4 38.59 ± 18.6 
1 3 230.2 ± 156.9 1.17 ± 2.03 1 14.7 
1140 0 4 156.1 ± 85.2 10.98 ± 9.48 4 21.02 ± 24.1 
1 1 148.5 17.16 1 8.7 
1073 0 3 174.5 ± 65.5 4.85 ± 1.06 3 35.96 ± 11.5 
1 4 481.1 ± 183.6 16.66 ± 1 t.84 4 34.20 ± 11.4 
1162 0 5 101.3 ± 52.4 0.00 ± 0.00 5 a 
1 1 154.3 12.80 1 12.1 
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Table 2. Continued. 
a Research completed at the Upper Reactor site; 15 larvae per infested tree 
b Research completed at the Lower Reactor site; 10 larvae per infested tree 
0 0 = no defoliation; 1 = C. scripta larvae present 
d n refers to the number of trees sampled per block 
e n refers to the number of leaf samples in which a-TQ was present 
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Figure 1. Amount of alpha-tocopherylquinone on leaf surface (ng/cm2; mean ± SE) of control and defoliated Populus 
clones combined in generation 3, 1998 and 1999. 
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Figure 2. Long-chain alcohol:alpha-tocopherylquinone (OH:TQ) chemical ratio (mean± SE) on Populus leaf surface in 
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Figure 2. Long-chain alcohol:alpha-tocopherylquinone (OH:TQ) chemical ratio (mean ± SE) on Populus leaf surface in 
generations 1-3, 1999. 
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CHAPTER 4. GENERAL CONCLUSIONS 
One of the first artificial hybrid poplars was created in 1912 (Pauley 1949). 
This led to an evaluation of fast-growing trees for biomass, pulp, timber, and 
biofuels. Since then a wealth of information has been generated pertaining to the 
use of Populus selections in short-rotation woody crop systems (see Dickmann and 
Stuart 1983, Stettler et al. 1996, Klopfenstein et al. 1997, and references within). 
Fully operational poplar plantations already exist in Europe (Zsuffa et al. 
1996). Recent increases in genetic and micropropagation techniques open the 
doors for vast advances in poplar hybridization (Klopfenstein et al. 1997). Using 
these techniques could efficiently and effectively produce selections that show 
excellent growth and resistance to insects and pathogens. Currently, operational 
poplar plantations exist in the United States, especially in the Pacific Northwest and 
the Mississippi floodplain. However, with the construction of other plantations in 
additional geographical areas (Ehrenshaft 1999), the potential is increasing for short-
rotation woody crop systems to become more firmly established in the United States. 
The cottonwood leaf beetle is a major defoliator of plantation Popu/us, 
particularly during the first 2-3 years of growth (Wilson 1979, Harrell et al. 1981, 
Bingaman and Hart 1992). Several control methods have been studied; the use of 
organic insecticides and Bacillus thuringiensis (Bt) both have shown favorable 
results (Page and Lyon 1976, James et al. 1999, Coyle et al. 2000). Recently, 
transgenic trees have received attention as an alternate control method; however, 
there are many potential risks associated with large-scale distribution of these trees 
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(Raffa 1989, Bauer 1997, Strauss et al. 1997, James et al. 1998, Pullman et al. 
1998). 
The use of chemicals and Bt seem to be viable management options for the 
present, but the cottonwood leaf beetle's high fecundity and multivoltine lifestyle 
increase the probability for this insect to develop resistance to these strategies. 
Alternate management regimes need to be evaluated; one of these is host-plant 
resistance. 
The goal of my field study was to evaluate eight Populus clones for resistance 
to larval C. scripta defoliation. Several previous studies also have evaluated field 
resistance. All reported varying degrees of clonal resistance (Oliveria and Cooper 
1977, Caldbeck et al. 1978, Harrell et al. 1981, Bingaman and Hart 1992, Augustin 
et al. 1994, 1997). Our study found a wide range of resistance on the clones 
evaluated, with a great deal of variance on all clones. Furthermore, larval 
performance seemed to decline over the course of the 1999 growing season. This 
suggests that the changing seasonal environment may play a greater role in larval 
C. scripta development and survival in the field than has been realized. 
Lin et al. (1998a) discovered a suite of Populus leaf surface phagostimulants, 
consisting of long-chain alcohols and alpha-tocopherylquinone that, in specific ratios 
and concentrations, induce adult C. scripta feeding. A wide range of leaf surface 
chemical production exists in Populus clones and selections (Lin et al. 1998b ). We 
also attempted to see if larval cottonwood leaf beetle feeding induces changes in 
Populus production of these chemicals. We found few significant changes in leaf 
surface phagostimulant production resulting from larval feeding; however, 
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significantly more chemicals were present on the leaf surface at the beginning of the 
growing season than at the end of the season. This information could be used when 
selecting stock to be planted in hybrid poplar plantations. Plantations could plant 
clones in groups, each with different leaf surface chemical production, or plant only 
clones with unfavorable leaf surface phagostimulant concentrations, provided those 
clones showed the desired growth characteristics. 
Field studies can be challenging with respect to the many uncontrollable 
variables that occur in nature; the larval performance study was no different. In May 
1998, when the Populus cuttings to be planted at the Lower Reactor site were 
hardening off, rabbits ate all of clone 1073. This was a minor setback; there was 
enough stock material available to make additional cuttings and have them ready for 
planting. 
Although each cage was secured with re-rod and the bottom of the mesh 
covered with soil, June 1998 brought a rather heavy wind and rainstorm to Ames. 
The effects of this storm overcame the re-rod and soil security measures, as 
. numerous cages were blown across the Upper Reactor field site. Fortunately, trees 
were examined the morning after the storm, and cages were replaced with little data 
lost. However, the rainstorm did leave a great amount of water at the poorly-drained 
Upper Reactor site. This resulted in the eventual death of many trees, particularly 
clones 53-242 and 1162. 
A hailstorm in July 1999 tore holes in several cages at the Lower Reactor site. 
This was a particularly damaging event as a few days passed before new cages 
were constructed and installed. The cottonwood leaf beetle population was quite 
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high at the time, and adult beetles found their way through the holes in some cages 
and partially defoliated the trees. Performance data was not lost, as this occurred 
during the week between pupal removal and leaf collection. However, several leaf 
samples were lost due to excess defoliation by adult C. scripta. 
Over the course of the summer, constant exposure to sunlight deteriorated 
the mesh cages. I found the cages to be effective for 2-3 field generations. After 
this, the fabric became brittle. This increased the fabric's susceptibility to 
grasshoppers, which chewed through the mesh, opening holes for unwanted 
herbivores. Initially, small patches of duct tape were used to cover the holes for the 
remainder of that particular generation. New cages were constructed and old ones 
replaced for the following generation(s). 
One unexpected effect of the mesh cages was the buildup of aphids on 
Populus trees. Cages were successful in keeping out unwanted herbivores; 
however, they were equally successful in keeping out beneficial predators as well. 
Coccinellids, chrysopids, vespids, and other predatory insects were excluded from 
the cages. This allowed the buildup of aphid colonies, often tended by ants, within 
the cages. These aphids were manually removed when found; however, this greatly 
increased the time and effort needed for site maintenance. 
One way to improve a study of this nature would be to check. the field plot 
daily. Because of time and personnel available, our plot was checked every 2-3 
. 
days. Daily checking and maintenance may result in fewer samples lost to 
unwanted defoliation, aphids, and tree health conditions. 
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Aside from the usual troubles associated with using analytical equipment 
such as a gas chromatograph (e.g. gas pressure, column function, computer-related 
problems}, few problems occurred during the leaf surface chemistry work. However, 
it is crucial to understand thoroughly the entire process before it is undertaken. As 
an example, this entailed a significant amount of "on-the-job" learning, which 
increased the time needed to complete tasks as well as adding to my stress level. 
Also, using a "spike recovery" technique would have been very advantageous. This 
involves adding a known amount of a substance of similar chemical composition to 
the leaf surface before the hexane wash. The process is carried on as usual, only 
the spike recovery allows you to check your percent recovery for each sample. This 
may have improved our results by solving some of the ambiguity. 
Overall, I felt this project was very successful in two ways. First, valuable 
information was gained concerning interactions between C. scripta and Populus 
selections in short-rotation woody crop systems. Hopefully, this information can be 
used to enhance the performance of these systems. Second, this research 
strengthened my knowledge as a scientist, not just in the field of forest entomology, 
but in the overall realm of scientific research. What I have learned from this project 
could not have been taught in a classroom or laboratory; real hands-on experience 
was necessary to improve my understanding of entomological and forestry research. 
This knowledge gained will help me greatly in attaining my career goals. 
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